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Unité de recherche INRIA Rocquencourt
Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)
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Télécopie : (33) 01 39 63 53 30 - International : +33 1 39 63 53 30
 I	V	w 			
*#	Q
 }   ZSiWX b cZSaEGMPDF?NROS\DROPD\ySai`U b Fe_BEUWADX b Fe_ b X?\^U`MOEGMO_WSVUWMYX?Z_`X]ZU b Fe_BEUWADX b Fe_
b FQz]iqS b MYFeZ?Uq_:l9SaMT_7RYFp_*X?ZyfUWMYX?Zy_ b FKfX^UI_dX?Z?UI_dX?PD]FeZU*U`iWCe_:_dX?\DADMT_kUWMPeFe_eFU:ROFPyiW_"z]iqS b MOFZUW_
b M&fMOROFe_QfeSaRTfPDROFipwn*X]P_ U`P b MOX]Z_MTfM b Fp_U`FefqAyZDMPDFp_ZPyE!ei`M"PDFe_\,X]PDiBROF:feSaRTfPDR b F:z]iqS b MOFZUW_
b FX?ZyfUWMYX?Zy_ b FfX^Uq_GfSaRTfPyR#eFe_K_dPDi b Fp_!efX?PDROFEGFZUW_KMOZy_dUWSVUWMYX?ZDZyS]MYiWFe_e%$  PDZ b Fe_K\DiWMYZyfMY\SaP^g
\yi`X?DRYCeEGFe_GFe_dUR  UWS]\F b F zZ&iqSVU`MOX]Z b P ESaMOROROS]z]F'PDM*Fe_dUPDZyF9\ySai`U`MOF[ZDX]Z b M(iWFZU`MTSayRYF b F
R  SaROz]X]iWMYU`ADEGF]6n*X?Py_\Di`X?\X_dX?Zy_wPDZyF:S]\D\DiWXNfqAyF b F"i)e_`X]ROP^UWMYX?Z b Fe_ b MY*ei`FeZ?Uq_\Di`X?DROCEGFe_.yS]_+F"_`PDi
RTS b MY*ei`FeZ?UWMOSaU`MOX]Z[SaP^UWX]ESVUWMPDFIFU*R  S b S]\^UWSaU`MOX]Z b FIESaMORYRTSaz?F]
, ¥ ~p} £ -  /. iWX b cZSaEGMPDF?aX]\DU`MOEKMT_WSVU`MOX]Z b FBX?i`EGFp_0efX?PDROFEGFZUW_6MOZy_dUWSaU`MOX]ZDZyS]MYiWFe_e b MY(iWFZ^
UWMOSaU`MOX]Z[SaP^UWX]ESVUWMPDF?DS b S]\^UWSaU`MOX]Z b FIESaMORYRTSaz?F
 	


 "!# $% m
&  6	(	
@BAyMO_w\Sa\,FiwMT_(fX?ZyfFei`ZDF b MYU`AKUWADF"_dU`P b cXa_dASa\,Fz]iqS b MOFZUW_\DiWX]\,Fi`U`MOFe_6MOZGX]i b Fi6UWX_dFU(PD\GEGFe_`A
MOZ b Fe\FeZ b FeZ?UI_kUWiWSaU`Fez]MOFe_BXa(X?\^U`MOEQPyE b Fp_dMOz]Z  UISaRT_dX&fX]Zy_`M b Fiq_BU`AyFQfS]ROfPDROSaU`MOX]Z[XawUWADFz?iWS b MYFeZU
X]"fX_kUKPDZyfU`MOX]Zy_KfX?EK\yP^U`F b X]Z PDZy_dU`FpS b cyXV*_eFS]Z?UU`X _dAyXV UWAySVUGEGFe_`A S b Sa\^UWMYX?Z X]i
X]U`ADFeiwU`FpfqADZDM"PDFe_wAyMOfqA&fqAyS]ZDz]FEGFp_dAKU`X?\X?RYX?z]cKfSaZG,F*Py_`F b MOZz]XNX b Saz]iWFFeEGFZU(MUWAX]\^UWMYEPDE
b Fe_`MYz?ZDSaZ b U`AySaU"fX_kUPDZyfU`MOX]Zy_z?iWS b MOFZUW_fS]Z,FfX?EK\yP^U`F b MYU`AFZDX?PDz]A[S]fefPDiqS]fcKU`XGAySaZ b RYF
b M&fPyRU*\DiWX]yRYFeEG_eD_`PyfqAS?_BPDZy_dUWS b c'VSaFei`XNFeROS?_kUWMOf"\Di`X?DROFE_
F[\Di`Fp_dFeZUGX?PDiG\DiWX]DROFE  _QX?i`EPDRTSVU`MOX]Z X]iGX]U`A _dU`FeS b c SaZ b PDZy_dU`FpS b c yXV*_ @BADFZ F
\yi`Fp_dFeZ?U*X?PDi*z?iWS b MYFeZU*yS]_`F b X?\^U`MOEGMO_WSVUWMYX?Z[_dU`iqSVUWFz?c]FQS]RO_`X b Fp_`fi`MOFU`ADFQfX]EG\DP^UqSVUWMYX?ZXa6U`ADF
z?iWS b MOFZUMUWAiWFe_`\,FefUUWX9S[EGFe_`AS]Z b U`ADFS3c9FGAySaZ b RYF&U`X]\,X]ROX]z?MOfeSaRwfqAyS]ZDz]Fp_IMYZU`AyF&EGFe_`A
b PDi`MOZDzU`ADFX]\^UWMYEGMT_`SaU`MOX]Z0Nc[Py_dMOZDzSaiWDMUWiWS]i`c_dEGXNXaUWA9ROMUWMYZDzX]\,FiqSVUWX]ip*F_`ADXVrADXV FKfS]Z
b FiWMY?FQZNPDEGFiWMOfeSaRw_WfqADFEGFe_"U`X[_`X]RO]FGS b jkX?MYZUIFPySVUWMYX?Zy_"i`X?E U`ADF_WfqADFEGFe_7Py_`F b U`X[_dX?RY?F b MOiWFefU
\yi`X?DRYFeE_^FeMUWADFi*_dU`FpS b c&X?iPDZy_dU`FpS b c?^MUWAUWADFADFeRY\[Xa6SaP^UWX]ESVUWMOf b MY0FiWFZU`MTSVUWMYX?Z
. RYR:U`AyFe_`F_dU`iqSVU`Fez]MOFe_&S]i`F 3S]RYM b SaU`F b c ZNPDEGFiWMTfSaR7i`Fp_dPyRUq_X?^UWS]MYZDF b X]Z _dU`FpS b c \DiWX]yRYFeEG_
( S b jkX?MYZU_dUWSaU`Fe_SaZ b EGFe_`AS b S]\^U`MOX]Z*)SaZ b PDZ_kUWFeS b c"\DiWX]DROFE_ ( MYZfROP b MOZDz"SaZS]FiWXFeROSaU`MTf\Di`X?DROFE+)
, - 	/.
*10d V	w 
I	
24352 687:9<;>=%?A@CBEDF4GEH5;>I
. z]FZyFiWMOf:\DiWX]DROFE MYZ9S]FiWX b cNZySaEGMTf_BMT_BU`X&EGMOZDMOEKMT_`FIU`ADF b iWS]zXawSaZSaMOidX?MYRMUWAi`Fp_d\,FefUU`X&MYUW_
_`AyS]\FKJPDZ b FiB_dX?EKF7z]MO]FeZ&fX]Z_kUWiWS]MYZUW_ ( fkMLzyBvN)6@BAyF7fX?Zy_dU`iqSaMOZ?Uq_.feSaZ,F7FeMUWADFiz]FeX]EGFUWi`MTfS]R
( ]X?RYPDEGF?.OYO) X]iS]FiWX b cNZySaEGMTf ( RYMYUeBOYO) fX?Zy_kUWiWS]MYZUq_&@BADFGXV S]i`X?PDZ b U`ADF&S]MYi`X]MORwMO_QfqAySaiqS]f
PQER
PS
T
PUWV
PUWX
Y
ZMOz]PDiWFGv[ . MOi`X]MORMYZ[SaZ[PDZN,X]PDZ b F b[b X?EGS]MYZ (\]_^a` ?FROXNfMUkcMOZU`ADFIiWFF_dU`iWFeS]E+)
UWFiWMO_`F b NcU`AyF_kUqSVUWFKVS]i`MTSaDROFe_cbdEefhg \ikj b FlLyZyF b X]iS]RYR \i X?P^UW_`M b FJ SaZ b _WSVU`MT_dcMOZDzU`AyF&_kUqSVU`F
mMmon_prqhshthq
H   	h

	    
F PySVUWMYX?Z  b d f efhg J%g	b d j g ( vN)
AyFiWF  fSaZ,FUWADF  PDROFi7X]iUWADFn7S3NMYFeidkLU`X]Fp_F PySVUWMYX?Zy_"ZDX?i*\,FiWMYX b MTf\DiWX]DROFE_X]w\Fei`MOX bQ^FS byb UWADFIX]RORYXVMOZDzfX?Z b MYU`MOX]Zy_r[
b d eg \ij  b d eAg \ij  \i g
S]Z b FIPy_`FfX_kUBPDZyfU`MOX]Zy_*XaUWADFIX]iWE
 eJ j   ^"! eJ%g	b d ef j5j$# (% )
ZyX]iFgDSaEG\DROF] ! feSaZ iWF\DiWFe_`FZUU`AyF b iqSaz9SaiWX]PyZ b U`ADFX b c J MOZ S[yXV fqAySaiqS]fU`Fei`MT_dF b NcU`ADF_dUWSaU`F/bd  Z_dU`FeS b cfeS]_`Fe_e?UWADF_dUWSVUWFFPySaU`MOX]Z[fSaZ,Fi`MYUdUWFZ[S]_
 e J gb d j  g ( m:)
S]Z b U`ADFfX?_dUPyZyfUWMYX?ZiWF b PyfFp_U`X  eJ j  ! eJ%g	bd j$# ( HW)
@BAyFfX]Zy_dU`iqSaMOZUW_feSaZFEGFefqAyS]ZDMOfeSaR?PDZyfU`MOX]Zy_6ROM&?F(UWADF b iWS]zy3ADMTfqAfeSaZ,FBi`MYUdUWFZS?_ ('% )X]i ( H<)
X?iPDZyfUWMYX?Zy_ROM&?F:U`ADF?X]ROPDEGF]^ADMTfqA[MO_SPDZyfU`MOX]ZX]>J9X]ZyRYc?
. _*_dFeFZROSaU`FeieNUWADF_dASa\,FEJMYROR,F b FlLyZyF b cSG_dFUBX]\SaiqSaEGFUWFiq_
(  e (*)j ),+*-.0/0/0/1. 2435 2 g
MYU`A76 38 
2439 6;:o=%; DF";>H5=_79=<?> Bc; D@<5F"?A<B> BKDF4G H ;>I
. ESVjkX]i\DiWX]DROFE MOZ&U`Pyi`DMOZDF7DROS b Fe_ b Fp_dMOz]ZMT_BSaFiWX?_dUWS]DMORYMYUkc]F7\Di`X?\X_dF7ADFiWFUWXQX]\DU`MOEKM,CF7U`AyMO_
_dUWS]DMORYMYUkcNcKfX]ZUWi`X?RYROMYZyzIU`ADF*FeZDFiWz]cFgDfqAyS]ZDz]F b ,FUkFFeZGU`ADF*yPDM b SaZ b UWADF"_dU`iWPyfUWPDiWF b PDiWMYZyzU`ADF
FeMYz?FZDEGX]U`MOX]ZXaUWADF_dU`iWPyfUWPDi`F?
ZyX]iU`ADMT_\yPDi`\,X?_`F]3ROFUPy_fX]Zy_`M b FiU`ADFU`PDiWDMOZDF.yROS b F b Fp_`fi`MO,F b X?Z Lyz]PDiWF % F4Lyiq_dUfX?EG\DP^U`F
MYUW_"NMYDiqSVUWMYX?ZySaREGX b Fp_Nc_`X]ROMOZDzGUWADFQfRTS]_W_`MOfeSaR_dU`iWPyfUWPDiWS]RFMOz]FeZVS]RYPDFS]Z b FMOz]FeZDEGX b F\DiWX]DROFE
X?ZD ),EF [%LyZ b \G 3IHJ - e'D ),EF j?KML SaZ bON 3P5 _dPyfqAS?_
Q e \G g \R<j  N e \G g \R<j  \R 3SH'J - e'D )&ETF jBK L g (U )
AyFiWF Q MO_BUWADFROMYZDFpSaiFeROS?_kUWMOfMUkcX?\FeiWSaU`X]ip_ZDX?iMT_`XaU`iWX]\yMOf:ESVUWFiWMOS]RO_eU`ADMT_X]\,FiqSVUWX]iBiWF b PyfFe_UWX
Q e \G g \R<j  N@V XWZY\[M] e^`_,a \G*j e'^`_,a \R<jcb D )&ETFedgfh V Li)j. k?+
- XWZY\[M]=l )0k e \Gkj l )mk e \Rjnb D ),EF g
ojp mqor
 	


 "!# $% U
Y
 
 X
	  

ZMOz]Pyi`F % [ D ),EF SaZ b D F
MYU`A NZV S]Z b h V b FeZDXaUWMYZDzGUWADF $S]EIfXNF&fMOFZUW_eDSaZ bl )mk e \Rj  f   RT) i k d  R k i )
UWADFBRYMOZDFpSaiWM&CeF b _dU`iqSaMOZUWFZy_`X]ipl9X]iWFXV]Feie<e \G g \Rj i`Fe\DiWFe_`FZUW_U`AyFES?_`_X]\,FiqSVUWX]ip3ADMOfqAKMT_Ukc\yMOfeSaRORYc
X]UWADFIX]iWE
e \G g \Rj   W@Y&[ ] \G*# \Rnb D )&ETF#
 FIS byb SKfX]Z b MUWMYX?Z_`PyfqAS]_ \G  \X]ZSQ\Sai`UX]U`AyF:,X]PyZ b SaiWcGXaJNU`AyMO__dU`iWPyfUWPDiqSaR0\DiWX]DROFEMT_BFROR\X_dF b 
F b FeZDXaUWF N - UWADF_`ESaRORYFp_kUQFeMYz?FZNVSaROPDFS]Z b \Ge- U`ADFfX?i`iWFe_`\X?Z b MOZDz[FMOz]FeZDEGX b F] @BADFeZF
fX]EG\DP^UWF*UWADF7\,FiWMOX b MOf*yXV b ef j S]i`X?PDZ b UWADF7yROS b F"ADFeZU`AyF",X]PDZ b SaiWcKX]U`ADFISaMOi`X]MORyNMYyiWSaU`Fe_
X?ZMYUW_PDZ b S]EKFeZUWSaREGX b FS?ffX?i b MYZDzU`X \G _	ce4f j ( fk_LyzDm:)yADFiWF
   ^ N -N ^ g   f g
S]Z b M^SaZ bON ^SaiWFIZDX]Z^ b MOEGFZy_`MYX?ZySaRfX]Zy_dUWS]Z?Uq_
@BADFiWFROFVS]Z?U*fX?_dUPyZyfUWMYX?ZUWXGX]\^UWMYEGM,CFIU`AyF_kUqSaDMORYMYUkc&MT_BU`AyFZ[XaU`ADFIX?i`E eJ j    d!^ ! eJ gb ef j5jcb fhg ( t:)
AyFiWF(U`AyF\,FiWMOX b  b Fe\FeZ b _ADFiWF.X?Z N - SaZ b ADFZyfFX?ZU`AyFB_`AyS]\F J6@X7MYEG\DiWXV]F.U`ADFB_dUWSayMYROMUkcX]
UWADF7S]MYi`X]MOR=?F7fqADXNX_dFUWADF:FZDFei`z?cQUWiWS]Zy_kFei`iWF b iWX]E U`AyF"yPyM b U`XUWADF7S]MYi`X]MOR0S]_wUWADFIfX?_dU(PDZfU`MOX]Z! eJ%g	b e f j	j U`X ,FEGMOZDMOEKM,CF b  @BADF[EKFpSaZ VSaROPDF[Xa*UWADMO_PDZyfUWMYX?Z _`ADX?PDR b F9S?_KZDFzSVU`MO]F[S]_
mMmon_prqhshthq
t   	h

	    


P 
	
 
ZMYz?PDi`Fm["FX]iWEGSaU`MOX]ZXaU`ADFS]MYi`X]MOR
\,X?_W_`MYDROF]wcfX]Zy_dU`iWPyfUWMYX?Z ! MT_Bz]MO]FeZNc
! eJ%g	b ef j j     F ! 6 ef j \ e f j$# \ ef jcb ef j g ( )
AyFiWF:FIZDXaUWF[
 \b efhg #Oj  \Gq- e #Oj  _	 e 4f j U`ADF b FX]iWESVUWMYX?ZS]\D\DROMYF b UWXGU`ADFS]MYi`X]MOR<
 e fhg # j  Jae # j d \b efhg #Oj U`ADFS]MYi`X]MOR0\X_dMYU`MOX]ZSaUUWMYEGFcf
 \ e fhg # j  F \b efhg #Oj   \G - e #Oj! #" e 4f j U`ADF_`\FeF b Xa6SaMOidX?MYR,X]PyZ b SaiWc$ \ e fhg #Oj U`AyFPDZDMYU*X]P^UkBSai b _ZDX]iWESaR?FefUWX]i%
 6 e fhg # j UWADF\DiWFe_W_dPyi`FISa\D\yRYMOF b X]ZU`AyFSaMOidX?MYR  e fhg # j 
& ' 6 .[ 	eI	  6I(
9#352 ) <57X>D;k9=<57W= 9=< F :
@BAyFZPyEKFei`MTfS]RfX?EK\yP^UWSaU`MOX]ZXaU`ADFz?iWS b MOFZUX]UWADFPDZfU`MOX]Z_ (% )X]i ( H<)BfS]Z,FS]fqAyMYFe]F b MOZ[S
iqSVUWADFi:yFg^MYDROFSaZ b F&fMYFeZ?UBS3cNc b Fe_WfiWMODMYZyzUWADFfX?EK\yP^UWSaU`MOX]ZyS]R b X]ESaMOZ D  D  F+* D ),EFUWADiWX]PDz?AMYUW_7fX?EK\yP^UWSaU`MOX]ZyS]Rz]iWM b DADX?_`FFe]X]ROP^UWMYX?ZfeSaZ,FFeS?_dMORYcz]XV?FiWZDF b NcS LyZyMUWFZNPDEQ,Fi
X]fX]ZU`iWX]R6\yS]iWS]EKFU`FeiW_ (  e (*) j ),+*-.0/0/0/ . 2 3g5 2 @BADF&fqADX]MTfFGX].U`AyFe_`F&fX]ZUWi`X?R\SaiqSaEGFUWFiq_7ES3c,F\Di`X?DROFE SaZ b _`X]RO]Fi b F\,FZ b FZUeDP^UGX]ZyfF b X]ZDF?wU`ADFX]\DU`MOEKMT_WSVU`MOX]Z \DiWX]DROFE fS]Z ,FPyRYROc
b Fe_WfiWMY,F b U`ADiWX]PDz?A&UWADFZNPDEGFiWMOfeSaR_dX?RY?Fiq_(UWX,FPy_`F bb PDiWMYZyzMYUW__`X]ROP^U`MOX]Z6@BAyF7PyRYR b Fe_WfiWMY\^UWMYX?Z
ZyXV fX?Zy_`MO_dUW_Xa
v]SKi`FFiWFZyfFIfX]ZLz]PDiqSVUWMYX?ZOD ^ 3 D,.-0/SaZ b U`ADFfX]iWi`Fp_d\,X]Z b MYZyzKfX]ZU`X?PDi J ^ % SESa\ J H ( g J ^ K b FlLyZyMYZDzU`ADF"_`AyS]\F#JXa0U`ADF:fX?Z?UWX]PDi6iWX]E MYUW_(MOZDMYU`MTSaR,_dAyS]\F7SaZ b iWX]E U`ADFZDX]iWESaREGXaUWMYX?Z e (*) j ),+*-. 2 X]fS]i`FPDRORYcfqAyX?_`FZ[fX]ZUWi`X?R,\,X]MOZUW_ ( fkwX?iFgDSaEG\DROF21"mD m:)
ojp mqor
 	


 "!# $% 
mDSfX]EG\DP^UqSVUWMYX?ZySaRz]iWM b  e (%j  e i )j )&+
-. E g ]  e ] )j. 	j )&+*-. E - 	
?. 	\+*-. EF b FlLyZDF b X?ZU`ADF9fX]ZLz]PDiqSVUWMYX?ZSD b FROMYEGMYU`F b Nc J b Fe_WfiWMYDMOZDzU`ADF\,X?_`MYU`MOX]Z  3 5 X]7UWADF  z?i`M bZDX b Fe_eyS]Z b z?MYNMOZDzKX]iFpS]fqA[fFROR   UWXP UWADF_`FU ] . 	 Xa6MUq_ qb 7]Fi`U`MTfFp_  ZU`AyMO_fX?Zy_kUWi`PfU`MOX]ZwU`ADF_`AySa\,FXa*UWADF[X]^jkFpfUGMO_KFZUWMYiWFROc fqAySaiqS]fU`Fei`MT_dF b NcMUq_fX]EG\DPDUWSVUWMYX?ZySaR
z]iWM b ,S]Z b U`AyFQ\yS]iWS]EKFU`FeiW_ ( fX?ZU`iWX]RORYMOZDzUWADF_`AySa\,FQS]i`FMOZ S?fU7X?ZDROcP_dF b U`XfX]ZU`iWX]RU`ADF
z]iWM bb FX]iWEGSaU`MOX]Z 
HyU`ADF b MO_WfiWFUWMO_WSVUWMYX?Z_WfqADFEGF
 e  gb j  GMOZ 5
Py_`F b X]i(S]\D\DiWX3gNMOESVUWMYZDz"U`ADF*_dUWSaU`FBFPySaU`MOX]Z   :X]ZU`ADF*fX]EG\DP^UqSVUWMYX?ZySaR^z?i`M b  ?SaZ b X]ib FlLZDMYZyzUWADFKS]\D\DiWX3g^MYESVUWF b MT_`fi`FU`FK_dX?RYP^UWMYX?Z b 3 5  Xa(UWADF_dUWSaU`FKFPySVUWMYX?Z ZDX]i:FgDS]E\DROF]SaU`Fi LyZyMUWFFeRYFeEKFeZU b MO_WfiWFUWMO_WSVUWMYX?Z,U`ADF_dU`iWPyfUWPDiWS]RFeMYz?FZD\yi`X?DRYFeE Xa.X?PDiSaFiWXNFRTS]_dU`MTf
FgDSaEG\DROF:UWS ]Fe_UWADFIX]iWE
ZMOZ bPN - g \Gq-.  "! $# E)&+*- \ )&% ) _dPyfqAU`ASVU
' e  ),EF j \ -  N -)( e  )&ETFj \ - g
* \ - g ( e  )&EF j \ -,+   g
MUWA
' e  ),EF j )mk  XWZY\[ ] .- e % ) j0/ - e % k j g
( e  )&EF j )0k  XW@Y&[ ]  % )21 % k #
. ,XV]F? %   	43e- !456 b FeZDXaUWFe_UWADF\DMOFefFMT_dF\,X]ROcNZDX]EGMTSaR_`AySa\,FIPDZyfU`MOX]Z[UqSTNMYZyzGU`ADFVS]RYPDF MYZUWADF b MOi`FpfU`MOX]Z \7 6 SaU*ZDX b F.6SaZ b MYU`ACFei`XKVSaROPDFe_*SaU*SaRORXaU`AyFi b Fez]iWFFe_X]iWFF b X]E[
 MYU`A9U`ADMT_ b Fp_`fi`MO\^UWMYX?ZDUWADF b Fp_dMOz]ZfX?Zy_dU`iqSaMOZ?Uq_08keJ j:9 fS]ZFSaRT_dXFgN\yi`Fp_`_`F b S]_"SGPDZyfU`MOX]Zy_
X]UWADF\DiWFe_`FZU\X_dMYU`MOX]ZXaU`ADFz?i`M b \X?MYZUW_  SaZ b feSaZFiWF b PyfF b UWXUWADFz]FeZDFiWMTf"X?i`E8 
Y
e ( g  j09 g   9<;=9?> #
. RUWX]z?FU`AyFipNU`ADF_`AySa\,FIX]\DMYU`EGMT_`SaU`MOX]Z\DiWX]DROFE#MT_BUWADFZ[iWF b PyfF b U`XKU`AyFSa\D\DiWX3g^MYESaU`F:\Di`X?DROFE
e&@  j A _ BDC$EGF . HJI  B . K !ML ^   e ( j  ! e  e ( j gb  e ( j j g
AyFiWFcb  e (%j b FZyXaU`Fp_U`ADF_`X]ROP^UWMYX?ZX]UWADF b MT_`fi`FU`F_kUqSVUWF:F PySVUWMYX?Z
e   jN   e  g	b  j  KMYZ 5  g   e ( jq#
@BAyMO_BZDFe X?i`EPDRTSVU`MOX]ZMO_"fX]ZN?FZDMOFZUX]iBUkXKES]MYZ[iWFeS]_`X]Z_[
mMmon_prqhshthq
    	h

	    
 MU*AS]_U`AyFIX]iWE#Xa6SKfROS?_`_`MTfSaR*LyZyMUWF b MYEGFeZy_dMOX]ZSaRfX?Zy_kUWiWS]MYZyF b X]\^UWMYEGMT_`SaU`MOX]Z\yi`X?DRYFeE SaZ b
U`ADFei`FX]iWFfSaZ,FSa\D\DiWX?S?fqADF b Nc_kUqSaZ b Sai b U`FpfqADZDM"PDFe_X]ESVUWADFESaU`MTfSaR\yi`X?z]iqSaEGEGMYZDz 
 SaRORyPyZyfUWMYX?Zy_S]\D\,FeSaiWMOZDzMOZU`ADMT_X]iWEQPDRTSVUWMYX?Z&fS]ZF:Fg^\DROMOfMUWRYcfeSaRTfPDRTSVUWF b X]ZSfX?EK\yP^U`Feie
7Z UWADF9XaUWADFiAySaZ b UWADMT_GX]iWEQPDRTSVUWMYX?Z MYz?ZDX]iWFe_KUWADFZySVUWPDiqSaRUWX]\,X]ROX]z]c Xa:U`ADF9\yi`X?DRYFeE PDZ b Fi
_dU`P b cSaZ b MO_ b F\,FZ b FZUX]ZUWADF ?PSaROMUkcGXaUWADF b MO_WfiWFUWMO_WSVUWMYX?Z_dU`iqSVU`Fez]cKADMTfqA&MO_Py_`F b 6@BAyMO_fS]Z
,FXV?FiqfX]EGF:NcPy_`MOZDz&S b S]\^U`MO]F b MO_WfiWFUWMO_WSVUWMYX?ZUWFefqADZyMPDFp_yS?_ b X?ZDFMOZ9_dFe]FiqSaRiWFefFZU*iWFe_`FeSaiqfqA
b F]FeRYX?\DEGFZUW_ t¬Q@BADFKX]ZDROcz]FeZDFiWMOf b MYfPDRYUkc fX?Zy_dMT_dUW_7MYZU`ADFfX]Zy_dU`iWPyfUWMYX?Z9Xa.U`ADFGESa\ ( e ( j b Fp_`fi`MODMOZDzU`AyFFe]X]ROP^UWMYX?Z9XawUWADFz?i`M b S?_7S&PDZyfUWMYX?Z X](U`ADFGfX?ZU`iWX]R\SaiqSaEGFUWFiq_ ( I@BAyMO_
fX]Zy_dU`iWPyfU`MOX]ZMT_ b Fp_`fi`MO,F b X]iFgDS]EK\yRYFIMOZ tSaZ b MOZ 1 %  mD
9#39 	=_7X<B> I <B: < I <57W= 9`<5F : 7:9D= 9<;
_@
@BAyFSa,XV]F LyZDMYU`F b MYEGFZ_dMOX]ZyS]R7X?\^U`MOEGMO_WSVUWMYX?Z \DiWX]DROFE fS]Z ZDXV ,F_`X]RO]F b c S]Zc _dUWSaZ b Sai b
z?iWS b MOFZUS]_`F b SaROz]X]iWMYU`ADE[w@BADFfX?i`iWFe_`\X?Z b MOZDzyXVfqASai`UMT_[
v]BRYFU (*E  e (
EX. )j )&+
-.0/0/0/ . 2 35 2 FIUWADFfPDiWiWFZUVS]RYPDFX]UWADF b Fe_`MOz]Z\ySaiqSaEGFUWFiq_#% fX?EK\yP^U`FGUWADF&z]iqS b MYFeZ?U - k I- K X]UWADFfX?_dU:PyZyfUWMYX?ZMUWAi`Fp_d\,FefU:UWX[U`ADFfXNX]i b MOZySVUWFe_:Py_`MYZDzX]iFg^S]EG\DRYF$Saz]iqSaZyz]MTSaZUWFefqADZDM"PDFe_r[
b  b     H  g g K g
ADFiWF b FeZDXaUWFe_:UWADFGPDROR.]FpfUWX]iIXaU`ADF&_dUWSaU`FGVSaiWMOS]DROFe_:XaU`ADF\yi`X?DRYFeE ( S]FiWX b cNZySaEGMTf
SaZ b EGFefqAyS]ZDMOfN) UWADF?FefU`X]iXa*UWADF[S b jkX?MYZUG3S]i`MTSayRYFp_QSaZ b  UWADF $Saz?iWS]ZDz]MTSaZ X]*U`ADF
X]\^UWMYEGMT_`SaU`MOX]Z\DiWX]DROFE 
mDfX?EK\yP^U`FBUWADFz]iqS b MOFZU - k I- B  - k I- K - K- B XayUWADF*fX_kU6PDZfU`MOX]ZGMYU`AGiWFe_`\FpfU6U`XIUWADF\ySaiqSaEGFU`Fiq_
HyBPD\ b SVUWF ( Nc (
E 5 -  (*E  3e-E - k I- B 
. XV?F  E MT_&S]Zc fX]ZN?FZDMOFZU b FlLZDMUWF\X_dMYU`MO]F9S]\D\DiWX3g^MYESVUWMYX?Z X]7UWADF*Fp_`_`MOS]Z X]  ( fk X]iFgDSaEG\DROF U  )
9#3  ;>7
4;:A;>D= 9`<5F :
 FeZDFiqSVUWMYZyz SEGFe_`A Xa D MT_&P_dPyS]RYROc yS]_`F b X?Z U`AyF Fg^MT_kUWFZyfF9XaQS \Di`FeFg^MT_kUWMYZDz EKFp_dA  ^ H H i ^ ) K g  ] ^ K XaU`ADFIPDZ b FiWRYcNMOZDzKi`FFiWFZyfF:fX]ZLyz?PDiqSVU`MOX]Z@BADFIESa\ J b FlLyZyFe_U`AyFZU`ADFIEGXaUWMYX?ZX]UWADFX?PDZ b S]i`cz]iWM b \X?MYZUq_ce i )j ) C d @XI_dU`iqSVU`Fez]MOFe_fS]ZQUWADFZKFX?RYROXVF b [UWADF LyiW_dU6MO_6SaZKFg^\DROMTfMYU6ROMYU`MOZDzI\Di`X?\ySazSVUWMYZDz*U`ADFBEGXaUWMYX?Z
X]BU`ADFX?PDZ b S]i`cZDX b Fp_U`X U`ADFMYZ_dM b FZyX b Fe_UWADiWX]PDz?A SaZ S b FPySVUWFS3]FeiWS]z]MOZDz[X]\,FiqSVUWX]ip ZDX]i
FgDSaEG\DROF]^MYFIi`MYU`F
! 6QU`AyFEKX]U`MOX]ZXaU`ADFI,X]PDZ b SaiWc&ZDX b F i ^ 6 
ojp mqor
 	


 "!# $% u
  6Qz?MY?FZ[fXNF&fFZUW_X?iFeS]fqA i ^ 6 3 J ^ 
 f S]ZS]i`DMYU`iqSaiWcfXNF&fMYFeZ?U%
 X]iFpS]fqA i ^ )3 J ^ 
 6 )   i ^ 6  i ^ )   g
SaZ b
 )  i
	 C d 	   6  6 ) g
UWADFZUWADFX]\,FiqSVUWX]i  b FLyZDF b X]i"FeS]fqA i ^ ) 3 J ^ c
  H i ^ ) g  K   ) i	 C d 	   6  6 )  6
feSaZ9,FKPy_dF b X?i"UWADMO_:\DPyi`\,X?_`F]@BADMT_"X?\FeiWSaU`X?i"MT_7iWX]yPy_kU:DP^U:U`MOEGFGfX]Zy_`PDEGMOZDz ( fX]EG\DPDUWSVUWMYX?ZySaR
UWMYEGF\DiWX]\,X]i`U`MOX]ZyS]R*U`X U`AyF UWXaUWS]R7ZNPDEFei[XaZDX b Fp_UWMYEGFp_UWADFZPyEQ,FiXaQ,X]PDZ b SaiWc ZDX b Fe_)
. ZDXaUWADFiROMYU`MOZDzX]\,FiqSVUWX]ipROFe_W_U`MOEGFfX?Zy_dPyEKMOZDzGDP^U*ROFe_W_BiWX]DPy_dUe^MT_z?MY?FZNc[
v]U`ADFEGX]U`MOX]Z[Xa6SaROR0U`ADFMOZy_`M b FZyX b Fe_BMT_*_dFUBU`X CFei`X % X]iFpS]fqAFROFEGFZUefX]EG\DPDU`F:U`ADFS3?FiqSaz?F"EGXaUWMYX?ZX]UWADFZDX b Fe_BX]UWADFFROFEGFeZ?U%
mDX]i&FpS]fqA MYZ_dM b FZDX b F?BfX]EG\DP^UWF[U`ADF9S3?FiqSaz?FEGXaUWMYX?Z X]7UWADFFROFEGFeZ?Uq_ADMTfqA U`ADFZDX b F
FeRYX?ZDz?_UWX 
HyBMUWFiqSVUWFI_dU`Fe\ ( MOM)BS]Z b ( MOMYM)
@BADF_`FefX]Z b _kUWiWSaU`Fz?cU`Xz]FZyFiqSVU`FKSEGFp_dAXa D MO_IS b Sa\^UqSVUWMY?FQiWFEGFe_`ADMOZDzAyFiWFZDX b Fp_ISaiWF
S bDb F b X?iwi`FeEGXV]F b ]SaZ b F b z]Fp_wSaiWF*_dBSa\D\,F b MOZX]i b Fi6UWXIPDR LRYR,SaZS]fefPDiqS]fci`F ?PyMYiWFEGFZU b FLyZDF b
_`MOEQPDRYUWS]ZDFX?Py_dROcX]ZUWADF_kUqSVU`FF PySVUWMYX?ZS]Z b X?ZUWADFS b jkX]MOZ?U*F PySVUWMYX?Z ( fk6X]iFgDSaEG\DROF H  )
  	 6	 
[Q   (
#352 A;>F4D;k9=<B>=_HaD;>7KH 9
@BAyF b MY&fPDRYUG\ySai`UKMOZ UWADF[Sa,XV]FS]RYz?X]iWMUWADE MO_QU`XX]DUWSaMOZ UWADFz]iqS b MOFZU - k- B iWX]E U`AyFz?iWS b MYFeZUfX]EG\DP^UWF b MYU`AiWFe_`\FpfU(UWXIU`ADF7EGFe_`AGfXNX]i b MYZSVU`Fp_wLNFe]FiqSaRNUWFefqADZyMPDFp_(SaROi`FpS b cFg^MT_kUp@BADF"EKX_kU
\,X]\yPDROS]iX?ZDF.BS]_ b Fe_WfiWMY,F b MOZUWADF.\yi`FeMOX]P__`FefUWMYX?ZQSaZ b fX]Z_dMT_kUq_MOZPy_`MOZDz7S*_`EGXNXaU`A b FX?i`ESVUWMYX?Z
X?\FeiWSaU`X?iAyMOfqAfX?EG\DP^U`Fp_*S b FX]iWEGSaU`MOX]Z LyFR b X]ZU`AyFEKFp_dAiWX]E fX]ZUWi`X?R\ySaiqSaEGFUWFiq_X]iBiWX]E
S9z]MO]FZ b FX]iWESVU`MOX]ZX?Z U`ADFX?PDZ b S]i`c?F&AS3]FUWADFZ S9fX]EG\DROFUWFROc b MY0FiWFZU`MTSaDROFPDZfU`MOX]Z
mMmon_prqhshthq
v    	h

	    
   e ( j w@BADF:EGS]MYZ b iqS3yS]fXaUWADMO_UWFefqADZDM"PDF"MT_U`AySaUZyXU`X?\X?RYX?z]MTfS]RfqAyS]ZDz]F7MYZU`ADF:EGFe_`AMT_\,X?_W_dMODROF]  UWADF&EGFe_`A MO_Q\XNX?iQSVUUWADF&,Fz]MOZDZDMOZDzX]UWADF&X]\DU`MOEKMT_WSVU`MOX]Z \DiWX^fFp_`_eUWADFZMYUQMORYR
_dUWS3c\,XNX]i b Pyi`MOZDzSaRORU`AyF\Di`X^fFe_W_
F"\DiWX]\,X?_`FADFei`FBUWXPy_`FU`ADF* S]fUU`AySaUeNSVU(UWADF"S]ZySaROcU`MTfSaRyRYFe]FR=aUWADF"z?iWS b MOFZU(MUWAi`Fp_d\,FefU(U`X
SK_`AySa\,F b XNFe_BZDX]U b F\,FZ b X]ZAySVUAyS]\D\,FZy_BMOZy_`M b F:UWADF b X]ESaMOZAyFiWF:FI_dX?RY?F7X?PDiBh   Ov =
F? z6M -   L X]Z  D:^U`AyFZ  b b D g -   b b D g	 L P#
@BAyMO_"MO_7ZDX&EGX]iWFUWi`PDFX]Z[UWADF b MT_WfiWFU`FQRYFe]FR ( UWAySVU:MO_7ADFZ X?i?NMOZDzMUWA fX_kU   )0DPDU7FQfS]Z\yi`XV?FU`AySaUPDZ b FeiG_`X]EGF[S]_W_dPyEK\DU`MOX]Zy_ewU`AyMO_K\DiWX]\,Fi`Ukc i`FeEGS]MYZ_VS]RYM b SaUUWADF b MO_WfiWFUWFROF?FR=.SVU
ROFeS?_kUSVUGUWADF[RYMOEGMUADFei`FU`ADF b MO_WfiWFUWMO_WSVUWMYX?Z _kUWF\
 z]XNFe_QU`X CeFiWXy $FUPy_KUWS ]F[SaZ FgDSaEG\DROF[
_`PD\D\,X?_`FGU`ASVUQFAyS3]FfX]Zy_dU`iWPyfUWF b S[EGFe_`A  MYU`A S b MO_WfiWFUWMO_WSVUWMYX?Z _dU`Fe\
6SfX_kUPDZfU`MOX]Z  e  j  ! e  g	b e  j5j yADFiWF/b e  j MO_U`ADF_`X]ROP^U`MOX]ZXa6SGfRTS]_W_dMTfS]R "MOi`MTfqADROFU\DiWX]DROFE MUWA[SLZDMUWFFROFEGFZU*EGFUWADX b   U*AyS?_BFeFZ[\DiWXV]F b   U`AySaUe^X?i*SaRORS b EGMT_`_`MODRYFD b  b D g    b b D g	  d ^ e
 j$#
L^PD\D\,X?_`F7SaRT_`XU`ASVUU`ADF:_dAyS]\FEJ b FlLyZyMYZDzQU`ADF:,X]PDZ b SaiWcKX]U`AyF"X]\,FZ_dFUD dU`XKADMOfqA&U`ADF:EGFe_`A MT_S]_W_dX^fMTSVUWF b NMT_\yS]iWS]EKFU`iWMO_`F b NcSG_dFU*Xa\SaiqSaEGFUWFiq_ (
(  e ( ) j ),+*-.0/0/0/1. 2435 2 g
MYU`A76 38 SaZ b UWAySVU (  J  Je (%j MO_ b M0FiWFZU`MTSayRYF?
                                
                                
                
                              
                              
               
            
            
            
            
            
            

Y 


ZMOz]Pyi`FIH[ $MUWMYZDzX]SKPDZfU`MOX]Z
ZyPDidUWADFiWEGX]iWF]F:fqADXNX?_`F7SQz]MO]FZFg^\DROMOfMUBRYMYU`MOZDzKX]\,FiqSVUWX]i._`PyfqAS?_(UWADX?_`F b Fe_WfiWMY,F b FpSaiWRYMOFi p
F? z*SGPDZyfU`MOX]Z  / J"!# e  D d j  J - e D d j ,U`AySaU7fX?Zy_kUWi`PfUW_*i`X?E SPDZyfUWMYX?Z 8 3 J$!# e  D d j S% p'&)(+*(,.-/('01*324+*3,*	56*7(+,*34+-)89*:(&&<;>=?&<51(@01&9AB CD*E5* n (:F25F&<4*	4	GH;IB =J(+BOnKL-M=?2 nNO(BI&hnP=?5&<8QB (+4'A*ORnB (BI&hnS&hn-UT&<2 nA-)56VP-nAW89&XBOnKU-789*	4,L=Y56&<8Z-UK<B X * n[89&)(+BI&hn9&hnWB (41T&<2 nA.-)5\V ]_^`*:2 nA*E5;IBOn*:,*E5*:(,*:=Y-)NO(1(+,-/(1(+,*E4*(@01&W-)NO(+BI&hn4:-)5*UNE&<89F;I*O(+*E; V[AB CD*E5* n (aD*OX * nbB =cBOnSNE*E56(+-)BOnbN	-)4+*E4a.(,*UABI4+F;d-)N	*E89* n (e&)=c(,*U89*	4,PN	-nT*7BOnNE;I2A*EABOn[(,*7NE&<4(f=Y2NnNO(+BI&hn>a.-nAP(,*7;IB =?(BOnKUN	-nT*XBI*O01*EA-)4f(,*7-)A)g6&<BOnh('&<F*E5+-/(&<5&)=i(,*3ABI4+F;d-)N	*E89* n (]
ojp mqor
 	


 "!# $% v?v
PyZyfUWMYX?Z 8   e48 j 3J - eD d j _`PyfqAUWAySVU
8  8 "   D d #
@BAyFZFfeSaZ[_dADXV U`AySaUe^MY D dMO_fX]ZN]Fg0UWADFZDX]i ;   g # #M# g6^FIAyS3]F b  b  g    J (*)      (*) d  ^ e
 j g
AyFiWF   MT_"UWADFSaZyS]RYcUWMOfeSaRwfX_kU:PDZyfU`MOX]Z ( 3 5 2    e (%j   H D d  B ! K 3g5 [@BADMT_IEGFeSaZ_"UWAySVUFSaiWFGZDXRYX?ZDz]Fei b F\,FZ b FZUQX]ZU`AyF&fqADX]MTfFGXa9@BAyS]Z=^_:U`X[UWADMO_\Di`X?\FeidUkc?F b X[ZDXaUQfeSaiWF
S]ZNcEKX?i`FISa,X]PDUUWADFIZDX]ZD b MY0FiWFZU`MTSaDMOROMUkcX]U`AyF:EGFp_dAz]FeZDFiqSVUWX]iBSaZ b FIfS]ZZyF]FeidUWADFROFe_W_z]FU
SKz?XX b Sa\D\yi`X3g^MOEGSaU`MOX]Z&X]UWADFz]iqS b MYFeZ?UBMOZPD d ^Nc_`FU`U`MOZDz  ( )   b b  g    J ( )   # (   )
F7feSaZGU`AyFZ&iWF¬EGFe_`AKX?i.S b Sa\^U(UWADF"EGFp_dAADFeZ&ZDFeF b F b ?X?i._dU`MORYR,Py_`F"S_`EKXNX]U`A b FX]iWEGSaU`MOX]Z
@BAyF Lyz?PDi`F U _`ADXV*_UWADF z?RYX?ySaR7z]iqS b MOFZUfX]EG\DP^UqSVU`MOX]Z S]RYz?X]iWMUWADE yS]_`F b X?Z U`AyMO_i`FeEGFe_`ADMYZyz
_dU`iqSVUWFz?c]
#39  KI ; DZ<B>=_H/;#Bc; DZ<5I ;: 97		F D 9 K; Bc; DZ< F#? <?> A; = 9 ;
 A= 9=< F :
FBSaZUADFiWFGU`XVSaROM b SVUWFUWADFfX]EG\DP^UqSVU`MOX]ZXaU`AyF&z]iqS b MOFZUIXaS[\Fei`MOX b MTffX?_dUIPDZyfU`MOX]Z  Z
UWADMT_FgDSaEG\DROF]DU`ADF_dUWSaU`FFPySaU`MOX]ZMO_U`ADF ¬\,FiWMYX b MTf:ADFeSaU*FPySVUWMYX?Z h SG,X]PyZ b F b X?\FeZ[_`FUD Xa6X?PDZ b S]i`c+J   D [%LyZ b G W _`PyfqAU`ASVU   F 	 G
W  ef j MOZD gG W e fhg # j   X]Z J   D  f 3 gBgG W eg #Oj  G W ejKg #Oj MOZPD #
@BAyFIS]ZySaROcU`MTfS]RfX?_dUBPDZyfU`MOX]Z[MO_Bz?MY?FZNc
 e'D j   ^ XW G LW b D b f #
FIfSaZ_dADXV mDNuD0v ^0vH0U`ASVUBM  D MT_RYX^fS]RYROcGRYMO\y_WfqADMYU?C]UWADFZ  MO_ b MY,Fei`FeZU`MTSaDROF]NSaZ b M G W MO_
_`EGXNXaU`AFZyX]PDz?A ( SVU*ROFeS]_dUMYZ J L e D j )^U`AyFZ b b D g	    ^ 

W  G   R  e\ # >jb J b fhg
AyFiWFS 3 H b -.  eD j K L ySaZ b R MT_BUWADF_dX?RYPDU`MOX]ZXaUWADFS b jkX]MOZ?U"_dUWSaU`FIFPySaU`MOX]Z [
    F  R
W  f G ef j MYZ D gR W efhg #Oj   X?Z J   D  f 3 gBgR W eg # j  R W ejAg # j MOZ D #
mMmon_prqhshthq
v %   	h

	    
 

d
 B
Y
e ( g # j )&+
-. 2
EGFe_`A[z]FZyFiqSVU`X?ieN_`EKXNX]U`A b FX?i`ESaU`MOX]Z
X?iEKFp_dAS b Sa\^UWMYX?Z
Jae ( g #Oj
(
 
   e   j g - I- K I e   j
ROMUWMYZyz 
z?iWS b MYFeZUBMYU`A[iWFe_`\FpfUBU`X (
ZMYz?PDiWF U [  RYX?ySaRz?iWS b MYFeZUBfX]EG\DP^UqSVU`MOX]Z[SaROz]X?i`MYU`AyE
FfeSaZ UWADFZ fX]EG\yS]i`FGUWADF[SaZyS]RYcU`MTfS]R.z?iWS b MYFeZU - k- W SaZ b U`ADF b MT_`fi`FU`Fz?iWS b MOFZU - k I- K [GX]iSEGFp_dA b Fp_`fi`MO,F b Nc   e iZ) j ) MUWA iZ)  H i -) g i L) K MY(FMOZU`iWX b PyfFU`ADFQfX]ZU`MOZNPDX]P_*\DMOFefFMOFe_`FROMOZDFeS]iBPDZyfUWMYX?Z % ) _`PyfqAU`AySaU % ) e i )j   SaZ b % ) e i`k j  X]i   ; ySaZ b -)   % )  g  L)   % )  g
UWADFZ[FIAyS3]F    i k )   b b D g  k)   ; g  #
7Z Lyz?PDiWF6tyeF(fX?EG\ySaiWF b U`AyFwZPyEKFei`MTfS]Raz]iqS b MYFeZ?US]Z b U`ADF(S]ZySaROcU`MTfS]Raz]iqS b MOFZU0X]iSB\Fei`MOX b MOf
\yi`X?DRYFeE#Xa\Fei`MOX b    ^X?ZUWADF_+PyS]i`F D   g    g  DMYU`A
 H fhg i - g i L K 
	  Lf d f   _	/e 4f j  _  H  i - K  _	 H  i L K #
ojp mqor
 	


 "!# $% vpm
@BAyF:_`M&CeF7X]U`ADF b MT_WfiWFU`MT_WSVU`MOX]Z_kUWF\ 
MT_ -L ^ X]ZU`ADFI_dU`iqSaMOz]AUF b z]Fp_FfeSaZUWADFZ[_dAyXV U`AySaUeX]iSK?Fi`U`Fg i )  H i -) g i L) K X]Z       g   ^FAyS3]F7X]iFgDSaEG\DROF b b D g  )       d  #-   f  #" H f i L) K   ."  H f H i L) d 
 K K   ." H f  H i L)  
 KMK 
@BAyF(VSaROPDFe_XaNU`AyF.ADX?RYF.S]ZySaROcU`MTfS]R]z]iqS b MYFeZ?US]i`F b Fe_WfiWMY,F b Nc:U`AyF4Lyz?PDi`FwX?ZU`AyF.iWMYz?A?UMYZ Lyz?PDiWF.tD
@BADF b MO_WfiWFUWFz]iqS b MOFZUX]ZUWADF&ROFUQ\yS]idUX]"Lyz]PDiWFt[S?_fX?EG\DP^U`F b Py_dMOZDz[UWADF&EGFUWADX bb F
_WfiWMOF b MOZ[Hy mD
numerical analytical
ZMOz]Pyi`Ft[X?EG\ySaiWMO_`X]ZFUkFeFZZNPDEGFiWMOfeSaR ( ROFUh)SaZ b S]ZySaROcU`MTfSaR ( i`MOz]AU)z?iWS b MOFZUW_
#3  KI ; DZ<B>=_H/;#Bc; DZ<5I ;: 97		F D 9 K; BEDF4GEH5;>I F  9 K;
	 =%BEH = >e<5= :
FBSaZUBU`XFe3S]RYPSVU`FIUWADFF,FpfUW_"Xa6EGFe_`A[S b Sa\DU`MOX]Z[X]ZU`AyFQ_d\,FF b Xa(fX?Z?FiWz]FeZyfF:X]Z[X]PyiX]\^UWM
EGMT_`SaU`MOX]ZSaROz]X?i`MYU`AyE  Z[U`AyMO_"FgDSaEG\DROF]F_`X]RO]FIUWADF 7MYiWMOfqAyRYFU"\DiWX]DROFE X]i"S&hX?MO_W_`X]Z[\DiWX]DROFE
_`FU : SK,X]PDZ b F b X]\,FZ_`FU ( ADMTfqA[RYXNXN_BROM,]FSaZ[SaMOidX?MYR)w@BADFfX?_dUBPDZyfUWMYX?Z[MO_
 eJ j  XW  e G d  G ^ j L g
MYU`A G d&_dX?RYPDU`MOX]ZXaUWADF7MYiWMOfqAyRYFU*\Di`X?DROFE
 G d 3PJ -^ e'D d j g
  G d   X]ZPD d g
mMmon_prqhshthq
veH   	h

	    
AyFiWF D ^ MT_SKz]MO]FeZX?\FeZ[_`FUp<J ^ MT_BUWADFX?PDZ b S]i`c  D ^ X] D ^ SaZ b G ^ MO_ b FlLyZyF b c
 
G ^ 3OJ -^ eD ^ j g
  G ^   X?ZD ^ gG ^  KX]PDUW_`M b F D ^ #
 ZU`AyMO_B\DiWX]yRYFeEUWADF_dAyS]\FEJ ^ MT_U`AyF7UqSaiWz]FUB_`X]ROP^U`MOX]ZXaUWADFIX]\^UWMYEGMT_`SaU`MOX]Z\Di`X?DROFE ( fk%Lyz  )
-0.08
-0.06
-0.04
-0.02
0
0.02
0.04
0.06
0.08
0.1
0 0.2 0.4 0.6 0.8 1
y
x
initial guess
solution
ZMOz]PDiWF  [  ZDMYU`MTSaRz?PDFe_W_SaZ b UqSaiWz]FU*_`AySa\,F ( _`X]ROP^U`MOX]Z*) JW^
@BADF\SaiqSaEGFUWi`MT_`SaU`MOX]ZMO_ b FlLyZDF b c+Je ( g5f j  J<^ ef j d  e ( g5f j! ^4ef j f 3  g f  yADFiWF  ^MO_UWADF:ZDX]iWESaRU`XU`ADFELDg^F b _dAyS]\FKJ ^ ^SaZ b   MT_BS\yS]iWS]EGFU`iWMT_dF b _`feSaRTSai(PyZyfUWMYX?ZwFfqADXNX_dF 6iWFeSaR
ZNPDEFeiW_"f - g #M# # g5f 2 _dPyfqAUWAySVU
f -   * f L * #M# # * f 23e- * f 2  f g
ojp mqor
 	


 "!# $% v U
S]Z b f    e ( g f j MT_:U`AyF\DMOFefFMT_dFG\,X]ROcNZDX]EGMTSaRPDZyfUWMYX?ZfX]ZU`MOZDX?Py_"MYU`A fX?ZU`MOZPyX]Py_ELyiq_kUSaZ b
_`FefX]Z bb Fei`MOVSVU`MO]Fp_^_`PyfqAU`AySaU
 
  e ( g f ) 5 - j  ( ) g ;   g #M# # g6Mg
  F e ( g5f - j  ( 23e-  F e ( g5f 2:j  (q2=# UBAyS]_,FFZ_dAyXVZU`AySaUUWADMT_ NMOZ b X]\ySaiqSaEGFU`iWMO_WSVUWMYX?ZKMT_ZySVUWPDiWS]RyX?i_`AyS]\F7X]\^UWMYEGMT_`SaU`MOX]ZOv]
v?v ¬  Z9UWADFQFgDSaEG\DROFU`iWFeSaU`F b FeRYXV0FPy_`F 6   _dASa\,FQ\yS]iWS]EKFU`FeiW_eS]Z b J<^] G ^KSaZ b  SaiWFz?MY?FZc
J<^ ef j   ef   j Lg  fkef   j ef  f j  g1f 3  g f hg
G ^4e i g j   L  g   i e i   j L g
S]Z b
 e i g j   g  
	  i  f g  #
FPy_`FSaZMYZUWFiWMYX?i\X?MYZU"SaROz]X?i`MYU`AyE  U =DMYU`A[,X3gfX]Zy_dU`iqSaMOZUW_X]ZU`AyF_dAyS]\FI\yS]iWS]EGFU`Fei ( SaZ b
MYU`AGS"fX]Zy_dU`iqSaMOZUX?ZUWADF?X]ROPDEGF]  Z b FF b aMYU`ADX?P^U(SaZNcfX?Zy_kUWiWS]MYZUp3U`ADFBSaROz]X?i`MYU`ADErfeSaZfX]ZN]Fei`z?F
MOZ_dX?EGFIfeS]_`F"UWXGU`ADFIUWi`MONMOS]R_dX?RYPDU`MOX]ZXaSK?X]M b X?\FeZ[_`FUp
7Z Lyz?PDi`F U yF_`FF:U`AySaU*FfeSaZ[fqADXNX?_`F:,FUkFFeZ [
 EGXVMOZDz_`EKXNX]U`ADROcU`AyFEKFp_dAXaU`AyFMYZDMYU`MTSaR_dAyS]\F
 fiWFeSaU`MOZDzSZyF EKFp_dAX]iFpS]fqAZDF _dASa\,FMUWA[SG_dUWS]Z b Sai b EKFp_dAz]FeZDFiqSVUWX]i%
 fiWFeSaU`MOZDzSZyF EKFp_dAX]iFpS]fqAZDF _dASa\,FMUWAEGFp_dA[S b S]\^U`MOX]Z
S]Z b FfS]ZSaRT_dX7fqADXNX?_`F6U`ADFRYMYU`MOZDz  Py_dF b MOZU`ADFfS]ROfPDROSaU`MOX]Z (   ) ZDX?iU`AyMO_RTSVUdUWFip3F(MOROR_`MYEG\DROc
P_dFU`ADFGUkXRYMYU`MOZDz[X]\,FiqSVUWX]iq_7_`FFeZ MOZ 1 %  mD  Z UWADFG\DiWFe_`FZUFg^\Fei`MOEGFZUe0UWADFcSaiWFZNPDEFei`F b% X?iIU`ADFFgN\yRYMTfMYURYMYU`MOZDz9SaZ b mX?iIU`ADFMYU`FeiWSaU`MO]FKX]ZDF?G@BAyFRYMYU`MOZDzvKU`AySaUFGMORYR.Py_dF_`MYEG\DROc
fX]Zy_`MT_kUq_.MOZfX]Zy_`M b FiWMYZDzU`AySaUUWADF:_`PD\D\,X]i`UBXaU`AyF7ROMUWMYZyzKMT_MYZyfRYP b F b FUkFeFZ&UWADF:X?PDZ b S]i`cSaZ b
UWADFALiW_dURTS3c]Fei.XaEGFp_dA&ZyX b Fe_SaiWX]PDZ b UWADF:X?PDZ b S]i`c?S]Z b U`AyF7iWFe_`PDRYU`MOZDzROMUWMYZDzKAyS?_SVS]RYPDFS X?Z
S]ZNc&ZDX b FX]UWADFEGFe_`AADMTfqAMT_ZDX]U"X]ZUWADF,X]PDZ b SaiWc]@BAyMO_*feSaZ[,FQSGi`FpS]_`X]ZDZSaDROFIAcN\,XaUWADFe_`MO_
X?ZKU`ADF*fX]ZU`MOZNPDX]Py_6ROF?FR=aDP^UZDXaU(X?ZUWADF b MT_`fi`FU`FROF?FR^MOZKESaUdU`Fei(XafX?ZN]FiWz]FeZyfF?n*Fe]FeidUWADFROFe_W_
FIMYROR_`FF:U`ASVU"fqADXNX?_`MOZDzQUWADMT_RYMYU`MOZDz b XNFp_BZDXaU*iWFeS]RYROc&SV0FefUU`ADFiWFe_`PDRYUW_e
@BADF"Lz]PDiWFe_   SaZ b uI_`ADXV UWADF*fX?ZN]FiWz]FeZyfFXa,U`ADFVS]RYPDFBX]UWADF*fX_kU6PDZyfU`MOX]Z&S]Z b UWADF*_)?PSaiWF
X]UWADF $S]z]iqSaZDz?MOS]ZZDX]iWEU`XVBSai b _  X]iVSaiWMYX?Py_RYMYU`MOZDz_  ( v] % SaZ b mW)S]Z b ADFZSKZDF EGFe_`A
MT_(fi`FpSVU`F b X?iwFeS?fqAZDFe _dAyS]\F?aFMYU`AyFi(NcSI_dUWS]Z b Sai b EKFp_dAGz?FZDFeiWSaU`X]i ( l)6X]iwNcEKFp_dAS b Sa\^UWMYX?Z
( . )D@BADMO_Bz?MY?Fe__dMYgfPyi`?Fe_.X]iBFeS?fqAVSaiWMOS]DROF ( fX?_dUPyZyfUWMYX?ZVSaROPDF:X]i	$S]z]iqSaZDz?MOS]ZZDX]iWE+)(AyX?_`F
ZSaEGFe_6SaiWFlv]?l % ]l mD . v] . % S]Z b!. mD6@BADF_`AySa\,FBX]\^UWMYEGMT_`SaU`MOX]ZKMUWAKSI_`EKXNX]U`A b FX?i`ESVUWMYX?Z
mMmon_prqhshthq
vpt   	h

	    
1e-06
1e-05
0.0001
0.001
0.01
0.1
1
0 5 10 15 20 25 30
M R1
M R2
M R3
A R1
A R2
A R3
ZMOz]PDiWF   [X_kUBPDZyfU`MOX]Z[VSaROPDFe_BMYU`A[iWFe_`\FpfUBU`XGUWADFZNPDEQ,FiX]X?\^U`MOEGMO_WSVUWMYX?ZMYU`FeiWSaU`MOX]Zy_
0.0001
0.001
0.01
0.1
1
10
100
1000
0 5 10 15 20 25 30
M R1
M R2
M R3
A R1
A R2
A R3
ZMOz]PDiWFIu[(L PySaiWF:XaUWADF$S]z]iqSaZDz?MOS]Z&ZDX]iWEMYU`Ai`Fp_d\,FefUUWXKU`ADFIZNPDEQ,FiX]X?\^U`MOEGMO_WSVUWMYX?ZMYU`FiqSV
UWMYX?Zy_
X]UWADF&MOZDMYU`MTSaR.EGFp_dA BS]_IFgDfRYP b F b [MUS]RYBS3c^_:RYF b U`XEGFe_`A UWS]ZDz]ROMYZyz,FefeSaPy_`FXaX?PDifqADX]MTfFX]
MOZDMYU`MTSaRz?PDFe_W_ ( fk_Lyzy  )(@BADMT_B\DiWXV]Fp_.UWADFZDFpfFe_W_`MUkc&X]iWX]DP_kUz]iqS b MYFeZ?UfX?EG\DP^UWSaU`MOX]Zy_ 
ojp mqor
 	


 "!# $% v 
F:feSaZ_`FF"U`AySaU.UWADF:fX]ZN]Fei`z?FZyfF\DiWX]\,Fi`U`MOFe_(X]U`ADF:MOZ?UWFiWMYX?i.\,X]MOZUSaROz]X?i`MYU`AyE S]i`F7ZDXaUi`FpSaRORYc
Sa,FpfUWF b c X]PDi b MY,Fei`FeZUQfqADX]MTfFp_7X]_dU`iqSVUWFz]MOFe_en"F?Fi`U`ADFeRYFp_`_eMYZ_`X]EGFGfS]_`Fe_eUWADFGRYMOZDF&_`FeSaiqfqA
( b X]ZyF*NcUWADF"EGMOZDMOEKMT_WSVU`MOX]ZSaROz]X]iWMYU`ADE+),FefX?EGFe_ b FROMOfeSVUWF*Fe_`\FpfMTSaRORYcKADFeZU`ADF7MYZ_kUqSaDMORYMYU`MOFe_ b PDF
UWXUWADF b MT_WfiWFU`MT_WSVU`MOX]Z&S]i`F"z]iWFeSVUWFiwUWAySaZ&U`ADF73S]i`MTSVUWMYX?Zy_(X]U`ADF:SaZyS]RYcUWMOfeSaRDPyZyfUWMYX?Z(@XS3]X]M b U`AyMO_
\yi`X?DRYFeE[^ZDF _kUWiWSaU`Fz?MYFp_fS]Z,FPy_`F b Yv % =
   	Q [& ( (6 	 Q 6	GQ  
 	 V
	 !#q 	.	 
K352 6 A9F I =M9=<?> )</; D;: 9`<5= 9`<5F :
. P^U`X?ESVU`MTf "MY0FiWFZU`MTSVUWMYX?ZKMT_wS7U`XNX]R^AyMOfqAKUWS ]Fp_UWADFAZDX?idUWiWS]Z_`PDDiWX]P^UWMYZyFBfX]EG\DP^UWMYZyzIS7PDZfU`MOX]Z
S]Z b z]MO]Fe_S ZyX]i`U`iqSaZ_`PDDiWX]PDU`MOZDFfX?EK\yP^U`MOZDzKU`ADF b FiWMYVSVUWMY?Fe_BX]U`AyMO_BPyZyfUWMYX?Z ( fkwUqSaDROFvN)wF
P_dFAyFiWFU`ADFSaP^UWX]ESVUWMOf b M0FiWFZU`MTSVUWX]i  	
AyMOfqAAyS?_"S]RYiWFeS b c&,FFZ_dPyfefFp_`_dPDRORYcPy_`F b U`X
fX]EG\DP^UWF b FiWMYVSaU`Fe_IX]RTSaiWz]FPDZyfU`MOX]Zy_  % ¬GFEGX?_dU`ROc9Py_`FKU`ADF 	  + N ( ROS?_kUQfX]ROPDEGZX]
ESVUWA6PDZyf]    e i*j bi b     i         e i*j  g   oX]P^UWMYZyFe_ 
  	!"
!#$!#% '&)(*
+ &	&)("+ &	&)($
 Zw3S]ie    &	&,(
7P^UewVSaip  
!)$!#  &	&,(
7MY(EGX b F b MYiWFefU i`Fe]Fiq_`F  	
IMOZ   	
:X]P^UW\DP^U
@SayRYFGv[  	
  _BMYZD\yP^Ud¬X]P^UW\DP^U
UqSaDROF v )(AyMOfqA MT_GS b S]\^U`F b U`XfX?EK\yP^U`Fz]iqS b MOFZUq_Xa"_WfS]ROS]iPDZfU`MOX]Z_ b F\,FZ b MOZDzX]Z S ]Fei`c
RTSaiWz]F:ZNPDEQ,FiX]MOZD\DPDU*3S]i`MTSayRYFp_
K39 A;.-  <5? 7WF H+/ ; D
@X&_`X]RO]F:U`ADFK_kUqSVUWFFPySVUWMYX?Zy_ ( vN)BX?i ( m:)*SaZ b UWX&fX]EG\DPDU`FUWADFQfX?i`iWFe_`\,X]Z b MOZDzGfX_kU*PyZyfUWMYX?Z (% )
X?i ( HW)^F:Py_`F:U`ADF1032#4	5)6	7G_dX]UkS]i`F   =(@BADMT_B_dX]UkS]i`F7MYZUWFz]iqSVUWFe_U`AyF7XV FPySaU`MOX]Zy_Py_`MYZyzKS]Z
Fg^\DRYMTfMYU"UWMYEGFK_`fqADFeEGFQSaZ b S LyZDMYU`FK]X?RYPDEGF  S]RYFei?NMOZPy\MOZ b UWFefqADZyMPDFP_dMOZDzSoXNFoMOFESaZyZ
_`X]RO]FeiX]iwUWADF*fX?Z?FefU`MO]F\ySai`U(Xa,U`ADFF PySVUWMYX?Zy_6@BADFNMT_`fX]Py_UWFiWEG_ ( ADFZZyFF b F b )6S]i`FU`iWFeSaU`F b
P_dMOZDzSG_kUqSaZ b S]i b  SaROFi NMYZU`FpfqADZDM"?PyF]
. U`Fi b MO_WfiWFUWMO_WSVUWMYX?ZNU`AyF_kUqSVU`FIF ?PSVU`MOX]Z_ ( MYU`ADX?P^U"fqAySaZyz]MOZDzZyXaUWSaU`MOX]Z ),FefX]EGF]
 e  gb j   ( u:)
X?iBU`ADF_dU`FpS b cfS]_`F ( m:)BS]Z b
 @ e  j # H b 6 5 -  b 6 K d  f  H  gb 6 K   ( v :)
mMmon_prqhshthq
v     	h

	    
X?i(UWADF7PyZy_kUWFeS b cKfeS]_`F ( v )  Z&,XaUWAfS?_dFp_  MT_wU`AyF7?FefUWX]i(X]U`ADF:EGFe_`A&]FeidUWMOfFe_wAyMOfqA&iWF\yROS?fFe_
J S]_7S b Fp_`fi`MO\^U`MOX]ZX]wU`ADFK_dASa\,FMUWADMOZ9U`AyF_`XaUkBSaiWF]yS]Z b @ e  j MO_:S b MTSaz?X]ZyS]RESVU`iWMYg[AyX?_`F
Fe]Fei`c b MTSaz?X]ZyS]RfXNFfMYFeZU0@ e  j )j. ) MT_U`ADFfFeRYRS]i`FpSXaUWADFI]FeidUWFg ;   ZU`ADFI_dU`FeS b c&fS?_dF??F:Py_dFROX^fS]RUWMYEGF_dU`Fe\D\DMOZDz (  f ) )S?_SK\Di`FpfX?Z b MYU`MOX]ZDZDFeie^S]Z b _`X]RO]F ( uW)NcSUWMYEGFESaiqfqADMOZDzGSaROz]X]iWMYU`ADEX]UWADFIX]iWE
 @ e  je# H b 6 5 -  b 6 K d  f )  H  g	b 6 K   #
K3   D=_? <5;: 9g>=_HB> EH = 9=< F :
FZDXV \Di`X^fFF b UWXGfX]EG\DP^UWFIU`ADFQz]iqS b MOFZUBXaU`ADFQfX?_dUBPDZyfUWMYX?Z[MUWAi`Fp_d\,FefUU`XGEGFe_`A[fXNX]i b M
ZSVU`Fp_
 ¡ }e~ ¡ D¦ ¢ ?D} ¡
$FU:Py_ELyiW_dU:_dU`P b cU`ADFG_kUWFeS b cfS]_`F]:@BADF$Saz?iWS]ZDz]MTSaZ[fX?i`iWFe_`\,X]Z b MOZDzUWXX?PDi:fX]Zy_dU`iqSaMOZDF b EKMOZ^
MOEGMO_WSVUWMYX?Z\yi`X?DRYFeE#iWMUWFe_
 e  gbg6 j  ! e  gb j d 6 #  e  g	b j
AyFiWF 6 MT_:U`ADF&S b jkX]MOZU3S]i`MTSayRYFGS]_W_dX^fMOSaU`F b U`Xb  . UWFi b M0FiWFZU`MTSVUWMYX?ZUWADFz]iqS b MOFZUIXaU`ADF
b MO_WfiWFUWFIfX?_dUBPDZyfUWMYX?Z   FpfX]EGFp_b  b        !  d 6 #    g
AyFiWF 6_WSVUWMO_5LyFe_UWADF  
#
  b   ! b d 6 #   b   # ( v]vN)
@X_dX?RY?F ( v]v )DFfSaZPy_`FIU`ADFI S?fUBU`ASVUU`AyFFg^\DROMOfMUUWMYEGF_WfqADFEGF ( v :)BfX?ZN]FiWz]Fp_(,FefeSaPy_`FIU`ADF
_`\,FefUWiWS]RwiWS b MOPy_Xace@ e  j5j 3e- # 	
 MO_ROFe_W_IUWAySaZX?ZDF]@BAyFZ U`AyMO_S]RO_`XADX?R b _X]iIU`AyFU`iqSaZy_`\,X?_`FX?\FeiWSaU`X?i H 
 K  # e&@ e  j5j 3e- SaZ b _`MYZyfF @ e  j MO_G_`cEGEGFUWi`MTfa(U`ADMT_GFZy_`PDiWFe_U`ASVUKU`ADFS b jkX]MOZ?U_WfqADFeEKF
@ e  j$# H 6 6 5 -  6 6 K   f )     b   # 6 6 d  ! b  ( v % )
fX]ZN]Fei`z?Fe_e& MYU`A _`PyfqA S[EGFU`AyX b FS3?X]M b fX]EG\DP^UWMYZDz APyz]FESVUWi`MTfFp_RYM,]F - 
- K 6S]Z b FSaiWFz?PySaiqSaZUWFF b UWXfX?ZN]FiWz]FMYU`A9U`ADFK_`S]EKFZNPDEQ,Fi:Xa(MYU`FeiWSaU`MOX]Zy_7S]_*ZyFF b F b X?i"UWADFQiWFe_`X]ROP^U`MOX]ZX]
UWADF_dU`FeS b c_dUWSaU`FIFPySaU`MOX]ZMUWAUWADF_WfqADFEGF ( v :)
FfSaZK_dFeFX?Z/Lyz?PDiWF"v "U`AyFBfX]ZN]Fei`z?FZyfFwADMT_kUWX]iWc]VM= F?UWADFB3S]RYPyFX]DU`ADFBiWFe_`M b PySaRMUWAiWFe_`\,FefU
UWXBU`ADF.ZPyEQ,FiX]MYU`FeiWSaU`MOX]Zy_eeX]iUWADF(MOZDMUWMOS]R?_WfqADFEGF ( v :)ADMOfqA_`X]RO]Fp_0U`ADF_kUqSVU`FwF PySVUWMYX?ZpS]Z b X]i
UWADF"ZyF _`fqAyFEGF ( v % )6AyMOfqA&_`X]RO]Fp_6U`ADF:S b jkX?MYZU.F PySVUWMYX?Z@BAyFALyz?PDi`F b MO_`\DRTS3c^_6UkXfX]ZN]Fei`z?FZyfF
AyMO_dU`X?i`MOFe_*X]i7U`ADFG_`fqAyFEGF ( v % )l[*MOZU`ADFaLyiq_kUIfS?_dF?,FfX]EG\DP^UWFQUWADFGS b jkX?MYZU7VS]i`MTSaDROFe_"ADFZ U`ADF
fX?_dUBPDZyfUWMYX?Z[MO_UWADF b iqSazy^MOZU`ADF_`FefX]Z b fS?_dF?NU`ADFfX?_dUPyZyfUWMYX?ZMT_BUWADFRYMYUe
ojp mqor
 	


 "!# $% vpu
-6
-5
-4
-3
-2
-1
0
1
0 500 1000 1500 2000 2500 3000 3500 4000 4500
direct scheme
adjoint scheme for the drag
adjoint scheme for the lift
ZMYz?PDi`FGv [ X]ZN]Fei`z?FZyfF"ADMT_dU`X]iWMOFe_BXaU`ADF b MYiWFefU_WfqADFeEKF ( v W)S]Z b XaU`ADFS b jkX]MOZU_WfqADFeEKF ( v % )
 ¡ ¡  ¥ ¦<?D} ¡
@BAyF:\,FiWMOX b MOfI\DiWX]yRYFeE#MO_BEGX?i`F b MY&fPDRYUe.@BAyF $Saz?iWS]ZDz]MTSaZ&ZyXV iWMUWFe_
 e  g	bg6 j   ^ ! e  g	b j b f d  ^ 6 e f j$#   @ e  j #  b f d  e fhg  g	b j  b fd 6 e j # @ e  j # eb ej j  b e j j
  ^ ! e  g	b j b f d  ^  6 f # @ e  j # b ef j d 6ae f j  efhg  gb jnb fd em6 e j  6 ej j5j$# @ e  j # b ej j$#
 ZUWADMO_feS]_`F]NUWADFz]iqS b MOFZUBFpfX?EKFp_
b  b    ^  !  b f d  ^  6 f # b @b  # b ef j d 6ae f j    b fhg ( vem:)
mMmon_prqhshthq
%     	h

	    
AyFiWF 6[MT_*_`X]ROP^U`MOX]ZXaU`ADF\,FiWMYX b MTfS b jkX]MOZ?UF ?PSVU`MOX]Z b FLyZDF b MOZSFeS GX]iWE#Nc 
^
 ! b ] ef jcb f d  ^  6 f # @ e  j # ] ef j d 6ae f j   b ] e f jcb fd ] e j # @ e  j # em6ae j  6 e j5j  g  ] #
 Z_dU`iWX]ZDzX]iWE[NU`ADMT_iWF b PfFe_UWX ! b d @ e  j #  6 f d    b   6 e f j   ( vHW)
UWX]z?FU`AyFiBMUWAU`ADF\,FiWMYX b MTfMYUkcfX]Z b MUWMYX?Z 6 e j  6 ej j # ( v U )
. _U`ADF:X]\,FiqSVUWX]i.MYU`AZDMTfFIfX]ZN?FiWz]FZfF\DiWX]\,Fi`U`MOFe_MO_  @ e  j  F d H 	
 K  ( X]y_`FiW]F"U`ADF:EGMYZNPy__`MOz]Z ,FX?i`FU`ADF Lyiq_dUX]\,FiqSVUWX]ih)"U`ADFU`MOEGFVS]i`MTSaDROF MT_i`Fe\DRTS]fF b Nc S iWF?Fiq_dFUWMYEGF VSaiWMOS]DROF
f    fySaZ b F LyZySaROROc_`X]RO]F
@ e  j$#  6 f     b H   fhg  gb e  f j=K   # 6/e f j d  ! b H  g	b ej  f j=K ( vet:)
S]Z b
6/e j  6 ej j g
AyFiWF 6 e f j  6 ej  f j :FGfS]Z9_dFeFQMOZ ( vpt:)BUWAySVUIFZDXVrZDFeF b UWX NZDXV b ef j X]ZUWADFQADX?RYF\,FiWMOX b SaZ b S]_UWADFS b jkX]MOZU"FPySaU`MOX]Z[ZDFeF b _*U`X&,F_`X]RO]F b S]fNS]i b _BMYZ[UWMYEGF]0FfS]ZDZDXaU:_dX?RY?F
,XaUWAF PySVUWMYX?Zy__dMOEQPyRUqSaZDFeX]Py_`RYc? *\U`XGZDXVNU`AyFX]ZDROc NZDXVZ&UWFefqADZyMPDF:U`X Lyg&U`ADMT_B\DiWX]DROFE MO_
S]ZS]\D\DiWX]\DiWMTSVU`F:MOZyfX?EK\yRYFU`F_kUWX]iqSaz?F7X]UWADF_kUqSVU`FVS]i`MTSaDROFe_e
¡  ^  
 #$  	 ` "
	T :
 
  
  7K*
 <h	 
 
  K  l 
 
  
 ¡  ¡  ¥¡ -<D}~  ]D} ¡
$FUKPy_Q_dU`P b cUWADF b MO_WfiWFUWF]FeiW_`MOX]Z XaUWADF\DiWX]yRYFeE b Fp_`fi`MO,F b MOZ v] % 9F_`PD\D\,X?_`FZyXV UWAySVU
F:AyS3]F:SQEGFe_`A  ),EF MOZy_`M b F D ),EF w@BADF_`EGS]RYROFe_dUBFMOz]FZNVSaROPDF:SaZ b ZDX]iWESaROMO_`F b FMOz]FZyEKX b F:XaU`ADF
_dU`iWPyfU`PDiqSaR0\DiWX]DROFE MO_"LiW_dUX]^UqSaMOZDF b Nc_`X]ROMOZDz
 B #L  -L  ( e  )&EF j \ - g \ -   g(   N - ( e  )&ETFj d ' e  )&EF j  \ -  \ #
"FiWF \ - MT_*UWADFQFeMYz?FZDEGX b FQfX]iWi`Fp_d\,X]Z b MYZyzGU`X N -  ( MT_7SZyX]iWEGS]RYMT_WSVU`MOX]ZfX]Zy_dUWS]Z?U"X]i7U`ADFEKX b F\ -  ( e  )&ETF j MT_6UWADFES]_W_6EGSaU`iWMgKSaZ b ' e  ),EF j U`ADF*_dU`MY0ZDFe_W_wESVUWi`MYgS]_W_`XNfMOSaU`F b U`X\yi`X?DRYFeE (U )
ojp mqor
 	


 "!# $% % v
AyFZ b MO_WfiWFUWM&CeF b _WS3cGNcGS @ -  $S]z]iqSaZDz?F"LyZDMYU`FIFROFEGFZUq_.EGFUWADX b wFIS bDb UWXQUWADMT_\yi`X?DRYFeE U`ADF
,X]P b SaiWcQfX?Z b MYU`MOX]Zy_ \ -  H  !!  #! K  H
^^ K MYZ . S]Z b  L-  7MOZ&:a_dXIUWAySVUwUWADF\DiWX]DROFE AyS]_wSIPyZDMPDF_`X]ROP^UWMYX?Z
@BADFeZ[F_`FU
   ^  N -N ^ g   f g
\b ef j  \ -  _	 e 4f j g \ ef j  bb f \b ef j   \ -$ #" e4f j g ( v  )
S]Z b F"S bDb U`ADFp_dF*ZyF VSaiWMOS]DROFe_wMOZU`AyF"MOZD\DP^U3S]i`MTSayRYFp_wXaUWADF*iWFe_`M b PSaRDUWFiWE  MYZ&F PySVUWMYX?Z ( vN)MOZX?i b FiU`XUWST?F7MOZU`XGS]fefX]PyZ?UU`ADFI\,FiWMYX b MTf b FX?i`ESVUWMYX?Z&XaU`ADFSaMOi`X]MORz?MY?FZNc \b e f j (@BAyF7ZDFe
_dUWSaU`FIFPySaU`MOX]Z[fqAySaiqS]fU`Fei`M,CMOZDzUWADFIyXV MO_BZDXVc[
 b  e j  b  e j g@ e    F j 
  F ef j ;     F g \b ef j g \ e f j gb  ef j  X]Z  g? # ( v   )
 MYU`AUWADMO_PDRYR_dFU*Xa_dUWSaU`FVSaiWMTSaDROFe_eNFfS]Z b FlLyZDFSKz?FZDFei`MTfIfX?_dUBPDZyfU`MOX]ZS]_
 e  ),EF g   Fj    ^ !     F g \b ef j g \ e f j gb  ef j  b f #
FIfSaZ_dFeF"UWAySVUF"AyS3?F"ZDXV UkXEKFp_dAyFe_r[  ),EF X?iUWADFI_kUWi`PyfU`PDiWFISaZ b    F X?i.UWADF:yXV6F
MORORfX?Zy_dM b FeiBU`AySaU*U`ADFecfeSaEGFIi`X?E SGz?RYX?ySaR ( \X_`_`MYyRYcZDX]ZfX?Z^X]iWEGMYZyzW)EGFe_`A  S]Z b U`AySaU*F
AS3]FIUkXRYMOZDFeS]i*X]\,FiqSVUWX]iq_ F / 5 L # E  5 L # E ] SaZ b  )&EF / 5 L # E  5 L # E Y\[ ] _dPyfqA[UWAySVU  F S]Z b  ),EF SaiWF:z?MY?FZi`Fp_kUWi`MTfUWMYX?Zy_BXa  [  F     F e  j S]Z b  ),EF   )&ETF e  j #
c&iWMYU`MOZDz
 ^ e  j   e ),EF e  j g	  F e  j j g
FIAyS3]FISGz]ROX]SaRfX_kUBPDZyfU`MOX]Z[ADX_dFIz]iqS b MYFeZ?UBMT_z]MO]FeZNc
b  ^b      )&EF # b  )&ETFb  d      F # b  Fb  #
mMmon_prqhshthq
%%   	h

	    
FAyS3]FIZDXV U`X&fX?EG\DP^U`F  k K
Y\[M]
SaZ b  k K  
]
SaZ b FfeSaZ[fX]Z_dM b FiBUWAySVU  ),EF S]Z b    F SaiWF
MOZ b Fe\FeZ b S]Z?U*VS]i`MTSaDROFe_e6@BADF $S]z]iqSaZDz?MOS]Z&i`MYU`Fp_BZDXV
    )&ETF g   F g N - g \ - g AgBAg \b g \+g	bg N - g \ - g   g?  g \b  g \  g6 
 N - 	 ( Lf  f  ( e  ),EF j \ - g \ -   d ( \ - #   N - ( e  )&EF j d ' e  ),EF j  # \ -d   H N ^ L   L^ N - K d   e   f jd   ^ \b  ef j$#   \b e f j  \ -  _	/e 4f j  b f d   ^ \  e f j$#   \ e f j   \ -  ."  e 4f j  b f
d   ^ 6 ef j$#   @ e   F je#  b f d       F g \b e f j g \ e f j g	b ef j   b fd  6ae je# @ e   F j$# eb ej j  b e j j
d   ^ !     F g \b e f j g \ e f j gb e f j  b f #
. __dFeFZ[\DiWFNMOX]Py_`RYc?U`ADFIyXV FPySaU`MOX]Z[fSaZ,FMYZU`Fez]iqSVUWF b c\ySai`UW_BADMTfqARYFpS b _UWX
    )&ETF g   F g N - g \ - g AgBAg \b g \+g	bg N - g \ - g   g?  g \b  g \  g6   #,#,#d   ^  6 f #    @ e   F j$# b ef j d      F g \b ef j g \ ef j gb ef j   b fd  em6ae j  6 e j j$# @ e   F j$# b e j d #,#,#
$FU*Py_ b MY,Fei`FeZ?UWMOSaU`FMYU`AiWFe_`\FpfUUWXGU`ADFQ_dUWSaU`FVSaiWMTSaDROFe_UWX&z]FUU`ADFQS b jkX]MOZU*FPySaU`MOX]Zy_eDSaZ b ROFU
P__kUqSai`UBMYU`AUWADFIyXV VS]i`MTSaDROFe_#b wF LyZ b SK\DiWX]DROFE S]ZySaROX]z?X]Py_UWX ( vH<)¬ ( v U )h[
 
6ae j  6 e j g
 @ e    F j  6 f ef j     b     F g \b e f j g \ ef j g	b  e fhg   F j    6 ef jd  ! b      F g \b ef j g \ ef j g	b  e f j  X]Z  gBg
( veu:)
AyFiWFab  MO_"U`ADF\Fei`MOX b MTf_dX?RYPDU`MOX]ZXa ( v   )*c b MY0FiWFZU`MTSVUWMYZDzMUWA9i`Fp_d\,FefU*U`X \b S]Z b \,F
AS3]F7U`ADFeZUWADFS b jkX]MOZ?UMOZU`Fi` S]fFfX]Z b MUWMYX?Zy_
\b  ef j d    \b   # 6 e f j d  ! \b   SaZ b \  e f j d    \   # 6 e f j d  ! \   #
ojp mqor
 	


 "!# $% % m
@BAyF b MY,Fei`FeZU`MTSVU`MOX]Z MUWA iWFe_`\FpfU"UWX&UWADF\,FiWMOX b rz]MO]Fe_e,c[Py_`MOZDz&UWADF S?fU:U`AySaU:_`X]EGF S?fU`X?iW_
S]i`F:FPyS]R0U`X CeFiWXADFeZU`ADF_dUWSaU`FIFPySaU`MOX]Zy_S]i`F_WSVU`MT_5LyF b 
   d  6 e j$# @ e   F j$#  b  f ej j
d  !     F g \b ej j g \ ej j gb  e j    L  ^ !     F g \b e f j g \ ef j g	b  ef j  b f   #
FIU`AyFZ b MY,Fei`FeZ?UWMOSaU`FIMYU`A[i`Fp_d\,FefUBU`XGU`AyF\DPDRT_`SaU`MOX]Z *^cMOFR b MOZDz
f   N ^  d   

  ^ \b  ef je# \ - f  ."  e 4f jcb f    ^ \  e f j$# \ - e  #" e4f j    f  _	ce 4f j5jcb f   #
ZMOZySaROROc]aF b M0FiWFZUWMOSaU`FMUWAKiWFe_`\,FefU6UWX \ - U`ADFeZKU`X N - UWXIz]FUU`AyF*S b jkX?MYZU(_kUWi`PfU`PyiWS]RF PySVUWMYX?Zy_[
 N - ( e  )&EF j \ - d (   N - ( e  ),EF j d ' e  )&ETF j  # \ -

  ^ \b  e f j  _	ce4f j b f    ^ \  ef j   ."  e 4f j b f  
S]Z b
 ( \ - # ( e  ),EF j$# \ -     L^   #
FIfSaZ_dFeF*U`ASVU ( veuW).feSaZ&,FI_dX?RY?F b NcGU`ADFI_WSaEGF"BS3cKS?_ ( vH<)¬ ( v U )6@BADFZ^Py_dMOZDz    f NFAS3]F7U`ADFFgN\yRYMTfMYUX]iWEQPDRTSaF:[
    f 6 e j$# @ e   F je#  b  f ej j

f !     F g \b ej j g \ e j g	b  ej j 7d f  e  ),EF g   F j g
S]Z b   f N ^  N    
d   ^ \b  ef j$# \ - f  #" e4f jcb f d   ^ \  e f je# \ - e  ." e4f j    f  _	/e 4f j jcb f   #
ZMOZySaROROc] N - SaZ b ( \ - S]i`F_`X]ROP^U`MOX]Z_X]UWADFIX]ROROXVMYZDzG_`cN_dU`FeE [   F \ - # ( e  ),EF j
 ( e  ),EF j$# \ -  N - ( e  )&EF j d ' e  ),EF j  N -( \ - 
     L^- ^ \b  ef j  _	/e 4f jcb f d - ^ \  e f j   #" e4f jcb f 
mMmon_prqhshthq
% H   	h

	    
 AyFZ FGAyS3?FfX]EG\DPDU`F b S]RYR6UWADF_dUWSVUWFG3S]i`MTSayRYFp_SaZ b SaRORwU`AyFMOiS b jkX?MYZUVSaiWMOS]DROFe_eMUiWFES]MYZy_
X?ZDROcUWX b MY,Fei`FeZ?UWMOSaU`F  MUWA9i`Fp_d\,FefU*U`X  )&EF S]Z b   F "@BAyFQfS?_dFX]    F MT_U`AyF_WSaEGFQS]_*U`ADF
\,FiWMOX b MOfIfS?_dFIMYU`A LDg^F b \,FiWMYX b DS]Z b  k K 
]
MO_UWAP_z]MO]FeZNc ( vem:)X]ZyfFiWZDMOZDz  ),EF DF:AS3]F   ),EF   N -f  b (b  )&ETF e  )&EF j \ - g \ - d ( \ - # 	  N - b (b  ),EF e  )&ETF j d b 'b  )&ETF e  )&EF j  # \ - #
   [6  
%

#352  9; =_?#@ >F I B #9= 9=< F :E7
 ZGUWADF"Fg^\Fei`MOEGFZU b Fp_`fi`MOF b ADFiWF]F"_kUqSai`U(iWX]E U`ADF*EGFp_dA&X]Lyz]PDiWFv?v]aUWADF"EGFp_dAX]0FpS]fqAZDFe
_`AyS]\F:MO_S b Sa\DU`F b yS?_dF b X]ZU`AyF:EGFp_dAPy_`F b X]iBU`AyF:\yi`FeMOX]P__`AyS]\F?DSaZ b U`ADFROMUWMYZyzKMT_Bz]MO]FeZNc
UWADFMYU`FiqSVUWMY?F:S]RYz?X]iWMUWADE#X] 1 %  mD
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0 0.2 0.4 0.6 0.8 1
y
x
ZMOz]PDiWFGv]v:[  ZyMUWMOS]REGFe_`A
@BADF7EGFe_`A&S b S]\^U`X?i(MO_	
  H =6@BADF"EGFU`iWMOfP_dF b X]i(UWADF7S b Sa\DU`MOX]ZMT_(DPDMORYUS]fefX?i b MOZDz:U`XQU`ADF
fi`MYU`Fei`MOPDE XaMYZUWFiW\X?ROSaU`MOX]ZKFiWi`X?ir[X?ZKU`ADF"S b Sa\DU`F b EGFp_dA]U`ADF"MYZU`Fei`\,X]RTSVUWMYX?ZGFiWi`X?iwXa,U`ADF"fqAyXX_dFeZ
LFR b _dADX?PDR b ,F(ROXVFei0U`AyS]ZIX]ZIU`AyFwX]R b EKFp_dA@BADF PDFp_kUWMYX?Z:MT_r[AySVU LFR b _dAyS]RYR]FwPy_`F6U`X"EKX?ZDMYU`X]i
UWADMT_*MOZ?UWFiW\X?ROSaU`MOX]ZFei`iWX]i@BADFS]Zy_dFiz?MY?FZADFei`FQMO_*U`XfX]EG\DP^UWFU`AyFQEGFUWi`MTffX?i`iWFe_`\,X]Z b MOZDzKU`X
UWADF7yXV VSaiWMOS]DRYFp_ ( b FZ_dMYUkc]NgN¬]FROX^fMYUkc]c=?FROXNfMUkc??FeZDFiWz]c).SaZ b U`XUWADFMOiS b jkX?MYZUBVSaiWMOS]DRYFp_NSaZ b
ojp mqor
 	


 "!# $% %U
UWADFZU`XGMOZU`Fiq_`FefU*S]RYR0UWADFe_`FIEKFU`iWMOfe_c&UWSTNMOZDzKU`ADFIROXVFp_kUBROFZDz]U`A[SaEGX]ZDzU`AyX?_`F:iWFPDMOiWF b X?iBU`ADF
b M0FiWFZUI3S]i`MTSayRYFp_Ovem ¬  Z b FeF b MY.FROXNX SVU:U`AyFMOZU`FiW\,X]RTSVU`MOX]Z FiWi`X?i"Xa.U`ADFGz]iqS b MYFeZ?U7MYZU`ADF
feS]_`FXaS 7MYiWMOfqAyRYFU:\DiWX]yRYFeE,FfS]Z _`FFU`AySaU7MYU b Fe\FeZ b _:,XaU`AX]ZUWADFKMYZU`Fei`\,X]RTSVUWMYX?Z9FiWiWX]i*X?Z
UWADF_dUWSVUWFI3S]i`MTSayRYFSaZ b S]RO_`XX?ZU`ADFS b jkX]MOZUBVS]i`MTSaDROF]
@BADF:yXV FPySVUWMYX?Zy_SaiWF"UWADF_kUWFeS b c  PDRYFeiFPySaU`MOX]ZU`AyFIl S]fqAZNPDEFeiBMO_L D   U 6h6S]iWS]EGFU`iWMY
_WSVUWMYX?Z MT_:U`ADF_WSaEGFGS]_:MYZ mD mDFGAyS3?FQUWADFZ vet\yS]iWS]EKFU`FeiW_eQ@BADFfX_kU:PDZyfU`MOX]ZMO_:UWADF b iqSazy
FAyS3?F:mGfX?Zy_dU`iqSaMOZ?Uq_[
 % MYZDF PySaROMUkcfX?Zy_kUWiWS]MYZUq_[
  UWADFROMU*EPy_kU*iWFES]MYZz]iWFeSaU`FiUWAySaZ[u U XaU`ADFMOZDMYU`MTSaRROMU%
  UWADFSaMOi`X]MORSaiWFeSEQPy_dUi`FeEGS]MYZz]iWFeSaU`FeiUWAySaZu U X]U`AyFMYZDMYU`MTSaRSaiWFeS 
 v7F PySaROMUkcfX]Zy_dU`iqSaMOZUe]AyMOfqAMO_BScLygNF b \,X]MOZ?UBMOZ&U`AyF7z?FX]EGFU`iWc] *FiWF]UWADF7ROFeS b MOZDzQF b z]F7MO_
LDg^F b 
 MYU`A9U`ADMT_#Lyiq_dU*EKFp_dAFX]^UqSaMOZ9S b iqSaziWF b PyfU`MOX]Zz?i`FpSVU`FeiBU`AyS]Z U    MOZ U X]\^UWMYEGMT_`SaU`MOX]Z[MYU`FiqSV
UWMYX?Zy_eDSaZ b U`ADFfX]Zy_dU`iqSaMOZUX?Z&U`AyFRYMYUMO__WSVUWMO_5LyF b 6@BAyFELz]PDiWFGv % _dADXV*_.U`AyFMYZDMYUWS]RSaZ b U`AyFELZySaR
MT_`X]ROMYZDFp_"X](U`AyF b FZy_`MUkc?FfeSaZ_`FFU`ASVU:U`ADFS]fefPDiqS]fcX](U`AyFGfX]EG\DP^UqSVUWMYX?Z9MYZfiWFeS]_`F b b PDiWMYZDz
UWADFX]\DU`MOEKMT_WSVU`MOX]Z
ZMOz]PDiWF&vem_dADXV*_U`ADF3S]i`MOX]P_EGFe_`ADFe_7X]^UqSaMOZDF bb PDi`MOZDzUWADFQX?\^U`MOEGMO_WSVUWMYX?Z*@BADFEKFp_dA ( S:)*MO_
UWADF*MOZDMYU`MTSaRDz?PDFe_W_6@XS3]X]M b U`ADF S]MYROPDiWFXa,U`ADF"RYMOZDFeS]i(_dFpSaiqfqAVUWADF*ZNPDEQ,Fi.Xa]FeidUWMOfFe_6BS]_6ROMYEGMYU`F b
UWXtD D   D
mMmon_prqhshthq
% t   	h

	    
  -1BOnB (Bd-);>A* n4B (@V   THR n.-); A* n4B (@V
ZMYz?PDiWFKv % [  ZDMYU`MTSaRS]Z b LyZySaRMT_`Xa b FZy_`MYUkc
ojp mqor
 	


 "!# $% % 
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0 0.2 0.4 0.6 0.8 1
y
x
  - sht MX *E5\(+BINE*E4
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0 0.2 0.4 0.6 0.8 1
y
x
  T 5s5t X *	5\(BIN	*E4
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0 0.2 0.4 0.6 0.8 1
y
x
  N kq q X *E56(BINE*E4
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0 0.2 0.4 0.6 0.8 1
y
x
  A  
	
	LX *	5\(BIN	*E4
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0 0.2 0.4 0.6 0.8 1
y
x
  * 5thqMX *E56(BINE*	4
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0 0.2 0.4 0.6 0.8 1
y
x
  = kq   X *	5\(BIN	*E4
ZMOz]Pyi`FGvem[wlFe_`ADFe_BX]FpS]fqAX]\^UWMYEGMT_`SaU`MOX]ZMUWFiqSVU`MOX]Z
mMmon_prqhshthq
%     	h

	    
#39   :K7:9; =_?#@ >F I B #9= 9=< F :E7
F&z?MY?F&SaZ Fg^FEG\DROF&X]iWFe_`PDRYUX]iUWADF&\DiWX]yRYFeE b Fp_`fi`MOF b \ySaz?FHy[@BADF&fX_kUQPDZyfUWMYX?ZMO_U`ADF
PyZyfUWMYX?Z ( t:)MYU`A ! z]MO]FZNc (  )@BADF\DPDRT_`SaU`MOX]Z  S]Z b U`ADF b FX?i`ESVUWMYX?Z \b e fhg # j S]i`FIX]DUWSaMOZDF bNc_`X]RONMYZyzQUWADF\DiWX]DROFE ('U )DMUWAU`ADFIX?RYROXVMYZyzGfqASaiqS]fUWFiWMO_dU`MTf_XaU`ADF_dU`iWPyfU`PDiWFIXaU`ADFS]MYi`X]MOR[
 S(X]PDZDzEGX b PDROPy_BX] % v  lhwS 
 SKhX?MO_W_`X]Z[fXNF&fMOFZUXa3 D % U 
 S b FZy_`MYUkcXa     D  z'3E  
@BAyFe_`F b SaUWSS]i`FUWMY\yMOfeSaR0XaS]Z  n v D IUWPDi`yMYZDF7DRTS b F ( :n  o . b SVUWSW)w@BADF:fX]iWiWFe_`\X?Z b MOZDz $S]E!
fXNF&fMOFZUW_S]i`F N V  h V   #  lhwSD@BADFz?FX?EKFU`iWMOfeSaR6fX?Zy_kUWiWS]MYZUq_:S]i`FU`AyFG_WSaEGFS]_:MOZU`ADF_dU`FeS b c feS]_`F]KFS byb MOZ X]ZDFKXaU`ADF
UkXFgDSaEG\DROFe_7\Di`Fp_dFeZU`F b FeRYXV SfX?Zy_dU`iqSaMOZ?U:X]Z U`ADFKEGFeSaZRYMYU -  ^ V eJ%g5f jcb fADMTfqA EPy_kUiWFES]MYZ9S]XV?Fu U Xa(MYUW_"MYZDMYU`MTSaRVSaROPDF],ADFei`F  V e J%g5f j MO_*U`ADFMYZy_dUWS]ZUWSaZyFX]P_RYMYUIXa6U`ADFKSaMOidX?MYR
J6
@BADFIXV MT_BMYZNNMO_WfM b SaZ b U`AyFl9S]fqAZNPDEQ,FiMT_W D   U 
@BADFMOZDMUWMOS]REGFp_dADFp_S]i`Fz]MO]FeZc Lyz?PDiWF vHn"XaU`FU`ASVUQUWADFX?PDZ b S]i`c\X?MYZUq_X]U`ADFUkX
EGFp_dADFp_7S]i`FM b FZU`MTfS]R< 7PDi`MOZDzU`ADFKX]\DU`MOEKMT_WSVU`MOX]Z0S]RYRUWADFEGFp_dADFp_ISaiWFX]^UqSaMOZDF b Nc[U`ADFKFg^\DROMOfMU
ROMYU`MOZDz b Fe_WfiWMY,F b MOZ 1 %  mD0SaZ b U`ADFKROMUWMYZDz P_dF b U`X[fX?EK\yP^U`FQU`ADFKz]iqS b MOFZU7S?ffX]i b MYZyzU`XU`ADF
S]RYz?X]iWMUWADEX]#Lyz]Pyi`F U MO_U`ADFMUWFiqSVU`MO]FRYMYU`MOZDz X] 1 %  mD9@BAyFZNPDEQ,FiXa"_`AySa\,F&\yS]iWS]EGFU`FeiW_MO_6   y
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0 0.2 0.4 0.6 0.8 1
y
x
  -HBOnB (Bd-);>89*E4+,[&)=i(,*.&0    4n&hA*E4 
-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0 0.2 0.4 0.6 0.8 1
y
x
  T  BOnB (+Bd-); 89*E4+, &)=(+,* 4(562NO(+256*   5t
n&A*E4 
ZMOz]PDiWFGvH [  ZyMUWMOS]REGFe_`ADFe_
FI\Di`Fp_dFeZU.U`AyF:iWFe_`PDRYUW_X]ZDROcMYU`A&Fe fX]EGEGFZUW_FpfS]Py_dF:F b M b ZyXaU LyZ b S]ZNc&fX]EG\yS]i`MT_`X]Z
MOZU`ADFROMYUdU`FeiWSaU`PDiWF]
ojp mqor
 	


 "!# $% % u
ZMOz]PDiWFv U _`ADXV*_,U`AyF.fX?Z?FiWz]FeZyfFXaU`ADFfX?_dUX]iU`ADFw\DiWX]yRYFeE MYU`AX]iMUWADX]P^UUWADF.fX]Zy_dU`iqSaMOZU
X?Z UWADFEGFeS]Z ROMUp F9fSaZ _`FFU`ADF9_`ESaRORz?S]MYZ ( v?v  MYU`ADX?P^UU`AyF9fX]Z_kUWiWS]MYZUSaZ b   MYU`A
MYU) .bDb MOZDz[U`AyF&fX]Z_kUWiWS]MYZUIX]ZU`ADFEGFeS]ZROMYUQz]iWFeSaU`ROc b Fefi`FpS]_`F b UWADF&_`\FeF b XaBfX]ZN?FiWz]FZfFQX]
UWADFKEKMOZDMOEGMO_WSVUWMYX?Z SaROz]X?i`MYU`ADE[IlX]iWFXV?FipLyz?PDiWFvet_dADXV*_"U`ASVU:U`ADFKi`Fp_dPyRU:XawU`AyFX?\^U`MOEGMO_WSVUWMYX?Z
MYU`AyX]P^UU`ADFfX]Z_kUWiWS]MYZUQX?Z U`ADFEKFpSaZ ROMYUG_WSVUWMO_5LyFe_QZDF?Fi`U`ADFeRYFp_`_U`ADMT_fX]Zy_dU`iqSaMOZUe9@BADMT_K_dADXV*_
X?ZyfF"EKX?i`F"U`ADF7z]iWFeSaU b F\,FZ b FZyfcXaUWADF"iWFe_`PDRYUMYU`AiWFe_`\,FefUU`XQU`ADF7\Di`X?DROFESaZ b U`ADF7Fg^MO_dU`FeZyfF
X]_`F?FiqSaR0RYX^feSaREGMYZyMYESD
-0.166
-0.164
-0.162
-0.16
-0.158
-0.156
-0.154
-0.152
-0.15
-0.148
0 2 4 6 8 10 12 14
without constraint
with constraint
ZMYz?PDiWFKv U [ X?_dU*fX?Z?FiWz]FeZyfF"X]i\DiWX]DROFE_BMYU`ASaZ b MYU`X?P^UU`ADFfX]Zy_dU`iqSaMOZUX?ZU`ADFEGFeS]ZROMYU
7PDiWMYZDzUWADFX?\^U`MOEGMO_WSVUWMYX?ZFG_`FFGSz]ROX]yS]R b FpfiWFeS?_dFXa.UWADFGEGFeSaZ b iqSazyn"F?Fi`U`ADFeRYFp_`_eLyza
Pyi`Fv  _`ADXV*_UWAySVUIFZyFiWz]c[SaZ b9b iWS]zSaiWFQZDX]U:fX]iWi`FeROSaU`F b UWX]z]FU`ADFeieI@BADMT_7_`ADXV*_*U`ADFKMYZUWFiWFe_dU7MOZ
EGMOZDMOEKM,CMOZDzZDXaUIX]ZyRYc[UWADF b iWS]zyIFGS]RO_`X_`FFX]ZLyz]PDiWFe_v U wv  SaZ b veuUWAySVUIUWADFiWFKS]i`FK_dFe]FeiWS]R
ES]MYZ_kUWF\y_:MOZ9U`AyFKX?\^U`MOEGMO_WSVUWMYX?Z \DiWX^fFp_`_e_dFe\ySaiqSVUWF b NcROS]i`z?F*jkPDEG\y_eFfSaZ U`ADMOZ=[UWAySVUIU`AyMO_
MT_ b PDFU`X[VSaiWMOSaU`MOX]Zy_"MYZU`AyFK\yPDRO_WSVUWMYX?Z0ADMTfqAX]PDR b EGFeS]Z9UWAySVUIU`AyFPyZyfUWMYX?Z ADMTfqAz?MY?Fe_"U`ADF
\yPDRO_WSVUWMYX?ZiWX]E#U`ADF_`AySa\,FIAyS]_ b MO_WfX?Z?UWMYZNPDMYU`MOFe_eDDPDU*i`FeEGS]MYZ_iWX]Pyz]ADROc&\DMOFefFMT_dF b MY,Fei`FeZU`MTSaDROF]
FKfeSaZ9S]RO_`X_WS3c&U`ASVUIX]U`A9X?\^U`MOEGMO_WSVUWMYX?Zy_*FiWFES b FQMUWA X]ZyRYcv &_`AyS]\F\ySaiqSaEGFUWFiq_ .
z?i`FpSVUWFiIZNPDEQ,FiX]B_`AySa\,F\yS]iWS]EKFU`Fei:X]PyR b AyS3?FES3cNFz?MY?FZFUdUWFi\,Fi`X]iWESaZyfFe_eDP^UX?Z
UWADFXaUWADFiASaZ b FIEGMOz]AU*AyS3]F:X?_WfMOROROSaU`MOZDz_dAyS]\Fp_
mMmon_prqhshthq
m     	h

	    
0.32
0.325
0.33
0.335
0.34
0.345
0.35
0.355
0.36
0.365
0.37
0 2 4 6 8 10 12 14
without constraint
with constraint
0,95xCL0
ZMYz?PDi`FGvpt[wlFeS]ZROMYU b PDiWMYZyzKX?\^U`MOEGMO_WSVUWMYX?Zy_
0.044
0.046
0.048
0.05
0.052
0.054
0.056
0.058
0.06
0.062
0.064
0 2 4 6 8 10 12 14
without constraint
with constraint
ZMYz?PDiWFKv  [wlFpSaZ b iWS]z b PDi`MOZDzX?\^U`MOEGMO_WSVUWMYX?Zy_
ojp mqor
 	


 "!# $% myv
-0.06
-0.04
-0.02
0
0.02
0.04
0.06
0.08
0 0.2 0.4 0.6 0.8 1
initial
without constraint
with constraint
ZMYz?PDiWFKv   [  ZU`MTSaRS]Z b LyZySaRT_SaMOi`X]MORO_X?iBU`ADF:UkXK\yi`X?DRYFeE_
955
960
965
970
975
980
985
990
995
1000
1005
0 2 4 6 8 10 12 14
without constraint
with constraint
  -fF2;I4 -/(BI&hn4 0.00625
0.0063
0.00635
0.0064
0.00645
0.0065
0.00655
0.0066
0 2 4 6 8 10 12 14
without constraint
with constraint
  T 1F*	56BI&hA4
ZMOz]PDiWFGveu[6h(PyRO_WSVUWMYX?Zy_SaZ b \,FiWMYX b _ b Pyi`MOZDzGX]\^UWMYEGMT_`SaU`MOX]Zy_ ( \DANc^_dMTfS]R3S]RYPyFe_)
mMmon_prqhshthq
m %   	h

	    
-2
-1.5
-1
-0.5
0
0.5
1
1.5
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
initial
without constraint
with constraint
ZMOz]PDiWF %  [  Zy_kUqSaZUWS]ZDFX?Py_:FZDFei`z?cX]iMOZU`MTSaR.S]Z b LyZyS]RO_S]MYi`X]MORO_ ( MUWAi`Fp_d\,FefUIU`X[U`AyF&S b MOEGFZ^
_`MOX]ZDZyS]R0U`MOEGFN)
ojp mqor
 	


 "!# $% m?m
   	 
	
F.AS3]F(_`FFZQMYZUWADMT_iWF\,X]i`UU`ASVUS*EKFp_dAQMYZ b F\,FZ b FeZU6_dU`iqSVUWFz]c:fS]ZFPy_`F b MOZX]\^UWMYEPDE b Fe_`MOz]Z
MYU`AyX]P^U*SV0FefU`MOZDzU`XNXEPyfqA&UWADFI\FeidX?i`ES]ZyfF:XaUWADFIEGMYZDMOEGMO_WSVUWMYX?ZS]RYz?X]iWMUWADE[6n"F?Fi`U`ADFeRYFp_`_eS
ROXaUiWFESaMOZy_UWX b XGMYZ[X]i b FeiBU`X7NZDXV AySaU*MO_UWADFz]XNX b S3cUWX&fX?Z?UWi`X?R,U`ADFZNPDEFeiXa6]Fi`U`MTfFp_
UWADFBRYMOZDFpSaiw_dFpSaiqfqAS]Z b _`XIX]ZVUWX:S3?X]M b UWADFU`PDZDMOZDzIXa,\ySaiqSaEGFU`Fiq_SaZ b U`XIAyS3?FS7z]XNX b _`FRY fX]ZUWi`X?R
X]UWADFEGMYZDMOEGMO_WSVUWMYX?ZSaROz]X]iWMYU`ADE[
ZyX]i&UWADF SaFiWXNFRTS]_dU`MTf[\DiWX]DROFE[,FefS]Py_`F9XaUWADF ZNPDEGFiWMTfSaR7FiWi`X?iW_ ( fXSaiq_dFEGFp_dADFp_&X] %  D yv
?Fi`U`MTfFp_	)(F b XZDXaUG\DiWFUWFZ b U`XAyS3]F b MT_`fXV]FiWF b \DANcN_`MTfSaROROcEGFpSaZDMOZDz _dX?RYP^UWMYX?Zy_e @BADFEKX_kU
MOEG\X?idUqSaZUMT_U`X7AyS3]F_dADXVZU`AySaUUWADFz?iWS b MOFZUXa,S7fX]EG\DROMOfeSVU`F b fX_kUPDZyfU`MOX]ZfeSaZFBfX?EK\yP^U`F b
MYU`A _`P^&fMOFZU&S]ffPDiqS]fc _`XU`AySaUSEGMOZDMYEGMT_`SaU`MOX]Z SaROz]X?i`MYU`ADE feSaZ X?i?\DiWX]\,FiWROc](Fe]FZ ADFeZ
P_dMOZDzSaZGMOZU`FiWMOX]iw\,X]MOZ?U.S]RYz?X]iWMUWADE ADMTfqAGi`F PDMYiWFe_6\yi`FpfMT_dMOX]Z $FU(Py_ ?FF\GMOZGEKMOZ b UWAySVU(UWADF*fX_kU
PyZyfUWMYX?ZMOZyfRYP b Fe_r[
 SaZ[FRTS]_dU`MTfMYUkc&\DiWX]yRYFeE 
 SaZ[PDZy_dU`FpS b c&yXV fX]EG\DP^UqSVU`MOX]Z
 SaZSaFei`XNFeROS?_kUWMOf7fX]Py\DRYMOZDz
@BANPy_eaUWADF"_dU`iqSVUWFz]c_dFeFZGMYZH mIS]RYROXV*_6U`XfX]EG\DP^UWF*SaRORDUWADF"S b jkX]MOZ?U(VS]i`MTSaDROFe_6X]UWADF*\DiWX]yRYFeE SaZ b
UWADF LyZyS]Rz]iqS b MOFZUp
 	V6
Yv l9X]AyS]EKEGF b BSai VSVUWX]PS]Z b. ZU`X?MYZDF"FZDiWXaUp *Z[i+p_dPyRUqSVU b  Fg^MO_dU`FeZyfFFeZX?\^U`MOEGMO_WSVUWMYX?Z b F
X?i`EGFIFZ[P^UWMYROMT_`S]Z?UPDZyF\Di`X?\DiWM#U+IzeX]EUWi`M"PDF b F:RTSGZDX?i`ESaROF]     	  
	0
M

 
  *  T&l` </ h 
  wX?R< % [ \D\v  U v % myyvpu]u  
 %  Ayi`MT_kUWCROFaZSaPDiWFS]Z b (]Fp_"hwS]\Fez?S3c]   	 ]FeiW_`MOX]Zv] tGU`ADFKPy_`Fi  _"i`FFiWFZyfFQESaZNPyS]R<
@FefqAyZDMOfeSaRoFe\X?idU"o6@O  % v]v]  n"o  . oX^f PDFZfX]PyidUp^ZDXV]FeEQ,FiIveu?u  
 m  r "F SaZ b h(MOi`X?ZDZDFeS]P 7\^U`MOEGMO_WSVUWMYX?Z b P \DiWX LyR b S]MYROF b S]Zy_&PDZ PDM b F9NMO_)PDFP^g
o"Sa\D\,X]i`U b FIo*FefqADFeiWfqADF:o*uaH> Dv U 0$Sa,X]iqSVUWX]MOi`F b . ZySaROc^_dFIn*PDEei`M"PDF]  "ZDMY?Fiq_dMYU+:h(MOFiWi`F:FU
l SaiWMYF PDiWMYF?veu?uaHy
 H cZyi+ b iWMTf "FefqAUe  
*[ ^M b MOEKFeZy_`MYX?ZySaR?ZDMT_dX]U`iWX]\DMTf	Fp_dANFZDFeiWSaU`X]ipNESaiq_Iveu]u   
 U *Fiq_?]XVNMUq_   $S]\X?idUWF]yh6 $FK@S]RYROFef],S]Z b  L^SaZUWX?_e . PyS?_dMY=ZyFBU`X?ZMYZUWFiWMYX?i"\,X]MOZ?U
S]RYz?X]iWMUWADE Sa\D\yRYMOF b U`X fX]Zy_dU`iqSaMOZDF b X]\^UWMYEPDE b Fp_dMOz]Z MOZ fX]EG\DP^UqSVUWMYX?ZySaR7yPDM b b cNZyS]EGMOfe_  ` 	 `h*  
     
 !wX]R= U( Z U t:)l[ \D\ U u U"`U v  ,veu?u]tD
 t    $Sa\,X]i`U`F] 
>

 #lh h`$`  l 
 h

 l  h.A  UWADFe_`MT_
 fX]ROFh6X]ROcU`FefqAyZDMPDF?veu?u   
mMmon_prqhshthq
m]H   	h

	    
  l9X]AyS]EKF b l9S]_`EGX]P b M< 
 
OE `     *
 
M*
 T    >Th l @BAyCe_`F b  UWSaUe
 "ZDMO]Fiq_`MU) b Fn*MTfF]veu    
   M jdSaZ l9X]AyS]EKES b M< ZRYPDM b b cZSaEGMOfe_"fX]EG\DP^UqSVU`MOX]Z MUWA  & 5 [S]Z9Py_`Fi`=z?PDM b F[i`FeRYFpS]_`F
v?  yw@FpfqADZDMTfSaRo*F\,X]i`U"o@O DvptaH  n7o  . oX^f PDFeZyfX?PDidUpveu?uaHy
 u 0iWX]EGFKlX]ZDZyMYFeie 
M*
l 
  # >Th E`    h
	l   N$ $   : M  h l 
@BAyCe_`F b FmaFfc^fROF]  *ZDMO]FeiW_`MU) b Fn*MTfF]veu]u U 
Ov   ZyiWS]Z
X?MO_BlPyiWSaUS]Z b ?S?f PDFe_LNMOEGX]Z(LNPyiRYFfX]ZU?RYF:\ySaiBPDZ b X?ESaMOZDFIzX?EU`iWM"?PyF]o"Sa\^
\,X]i`U b FoFpfqADFiqfqADF $ . n  tD yv U *$S]X?iWSaU`X]MOiWF b  . ZySaROc^_dFn*PDEiWM"?PyF]
 *ZDMO]FeiW_`MYU+h(MOFiWiWFQFU
l SaiWMYF PDiWMYF?veu  tD
Ov]v  . i`MTSaZn"XViWP=CeM<   
h 
 l *
a 
  :lTh l 
   	 
  [@BADCe_`F b F&maF
fc^fROF]  "ZDMY?Fiq_dMYU+ "FZDiWMh6X]MOZyfS]i+In"S]Zyfcv]D_`F\^UWFEQ,Fivpu]u  
Ov %   RYM jdSaAh6X]RTST0  K*

  
 N + 
M*
r 
  6]X?RYPyEKF  X]   
l 
h+
 el     	  h 	  . feS b FeEKMTf:h(iWFe_W_vpu  v?
Ovem Io"SaEGE[whFeiW_`X]ZyZySaRfX?EGEQPDZDMTfSaU`MOX]Zvpu]u   
OvH IFei`ZyS]i b oX?Py_W_dFeRYFUe   l $hh` 

 l 
M*
a
 :a   *l 9@BAyCe_`F b  UWSaUe
 "ZDMO]Fiq_`MU) b Fn*MTfF] b efFEQyi`FGveu   % 
ojp mqor
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Unit é de recherche INRIA Rennes, Irisa, Campus universitaire de Beaulieu, 35042 RENNES Cedex
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